Introduction {#s1}
============

Transcription of protein-coding genes is a complex process involving a sequence of RNA processing events that occur at different stages of the transcription cycle. Co-transcriptional recruitment of chromatin modifiers and RNA processing machinery is modulated through a complex array of post-translational modifications at the C-terminal domain (CTD) of RPB1, the largest subunit of RNAPII. This unique domain constitutes a docking platform for protein complexes that cap, splice and polyadenylate newly-made RNAs ([@bib4]; [@bib11]; [@bib19]; [@bib20]; [@bib25]). The CTD also integrates signaling cascades that, for example, coordinate the DNA damage response and chromatin remodeling with gene expression ([@bib36]; [@bib47]).

The CTD is a large, structurally disordered domain composed of a tandem heptapeptide repeat structure with the canonical sequence Y~1~-S~2~-P~3~-T~4~-S~5~-P~6~-S~7~. Extensive remodeling of the CTD occurs during distinct steps of the transcription cycle ([@bib10], [@bib11]). RNAPII binds to promoter regions in a hypophosphorylated state, before the CTD becomes phosphorylated at Serine-5 (S5p) and Serine-7 (S7p), marking the earliest stages of transcription ([@bib1]; [@bib14]; [@bib46]). Productive elongation is characterized by an increase in phosphorylation of Serine-2 (S2p) throughout gene bodies, with the highest levels found around transcription end sites (TES). S5p is important for recruitment of the capping machinery, while S2p is involved in the recruitment of splicing and polyadenylation factors ([@bib16]; [@bib21]; [@bib22]; [@bib34]).

Although the tandem repeat structure of the CTD was acquired very early in eukaryotic evolution, and general features of serine phosphorylation are fairly conserved from yeast to mammals, the number of repeats is highly variable among different taxa ([@bib15]; [@bib51]). The most complex multicellular organisms, such as vertebrates, generally have longer CTDs (e.g. 52 heptad repeats in mammals), whereas *Drosophila melanogaster, Caenorhabditis elegans* and unicellular yeast have 44, 42 and 26--29 copies, respectively. The mammalian CTD retains a core of 21 consensus repeats, but has accumulated a diversity of non-consensus repeats, particularly at its most C-terminal region ([Figure 1a](#fig1){ref-type="fig"}). In vertebrates, non-canonical amino-acid residues occur most frequently at the seventh position of the heptapeptide repeat, and the most frequent substitution replaces the canonical S7 residue with a lysine (K7; [Figure 1a](#fig1){ref-type="fig"}). The number of non-canonical K7-containing repeats increases from zero in yeast to one, three and eight repeats in *C. elegans, D. melanogaster* and vertebrates, respectively ([Figure 1b](#fig1){ref-type="fig"}). Previous work has shown that non-canonical CTD-K7 residues can be acetylated, and that CTD-K7ac is associated with transcriptional pausing at epidermal growth factor (EGF)-inducible genes in mouse fibroblasts ([@bib41]). Evolutionary analyses also suggest that CTD-K7ac played a role in the origin of complex Metazoan lineages ([@bib42]).10.7554/eLife.11215.003Figure 1.Structure and evolutionary conservation of the C-terminal domain of RPB1.(**a**) Mouse RPB1 CTD is composed of 52 heptapeptide repeats with consensus amino-acid sequence YSPTSPS, which is represented 21 times at the most proximal CTD region. Non-consensus amino acids are enriched for at the distal region. Most abundant non-consensus residues are lysines, all found at heptad position 7 (K7; represented in red). Other non-consensus residues are represented in blue. (**b**) Amino-acid sequence alignment of the most distal part of the CTD containing K7 residues across different species: *Mus musculus (M. mus); Xenopus tropicalis (X. tro); Danio rerio (D. rer); Drosophila melanogaster (D. mel)*; and, *Caenorhabditis elegans (C. ele)*. Conservation of CTD K7 residues is highlighted in yellow. CTD repeat numbering was done according to the mouse CTD sequence between repeats 35 and 49, and aligned to the other species CTDs from the position of the repeat containing the first lysine in each organism. RPB1, RNA polymerase II large subunit; CTD, C-terminal domain.**DOI:** [http://dx.doi.org/10.7554/eLife.11215.003](10.7554/eLife.11215.003)

To further explore the increasing complexity of CTD modifications over evolution, their temporal sequence, and how they interplay with each other, we have investigated the possibility of additional modification of non-canonical CTD residues. We identify mono- and di-methylation of CTD-K7 residues in both vertebrates and invertebrates. We produce new antibodies specific to CTD-K7me1 and CTD-K7me2 and show that these novel modifications precede or accompany phosphorylation of S5 and S7, upstream of S2 phosphorylation. Using biochemical and genome-wide approaches, we show that CTD-K7 methylation is present at the promoters of genes that are productively transcribed into mature RNA, but defines the earliest stages of the transcription cycle. Through detailed analysis of abundance and distribution of different CTD modifications at gene promoters in embryonic stem (ES) cells, we show that gene expression levels depend on the balance between CTD-K7 methylation and acetylation.

Results {#s2}
=======

Mutation of CTD-K7 residues is compatible with cell viability {#s2-1}
-------------------------------------------------------------

To study the importance of non-consensus CTD-K7 residues on cell viability and their potential for post-translational methylation, we generated stable mouse NIH-3T3 cell lines expressing α-amanitin-resistant RPB1 bearing CTD-K7 mutations ([Figure 2a](#fig2){ref-type="fig"}). In this system, the endogenous α-amanitin-sensitive RPB1 is continually depleted and functionally replaced by the resistant variant ([@bib37]). CTD-K7 residues were mutated into serine (S7) residues to restore the consensus sequence of the CTD heptapeptide. We avoided the more traditional lysine to arginine substitution, as a non-canonical arginine residue is present at the CTD in position 7 of repeat 31 and undergoes methylation *in vivo* ([@bib43]). Therefore, artificial expansion of R7 residues in the CTD could confound our investigation of CTD-K7 methylation.10.7554/eLife.11215.004Figure 2.Mutation of CTD-K7 to -S7 residues does not interfere with RPB1 stability, phosphorylation or subcellular localization.(**a**) Outline of strategy used to generate mouse cell lines bearing K7-to-S7 mutations and study CTD-K7 methylation. Red bars represent CTD repeats with K7 residues. The nomenclature of the cell lines is indicative of the number of K7 residues retained in each α-amanitin-resistant Rpb1 constructs. (**b**) Expression and phosphorylation levels of RPB1 in cell lines expressing wild-type and mutant YFP-Rpb1 construct. Levels of total RPB1, YFP, S5p, S7p and S2p were analyzed by western blotting in total cell extracts from NIH-3T3 (3T3) and from NIH-3T3 cell lines expressing wild-type (8K) and mutant (0K) RPB1. Hypo- (IIa) and hyperphosphorylated (II0) isoforms of YFP-Rpb1 constructs migrate slower than wild-type construct detected in 3T3 due to the YFP tag (Y-IIa and Y-II0 respectively). Total RPB1 was detected with an antibody to the N-terminus of RPB1. α-tubulin was used as loading control. For each blot/antibody, samples were run in the same gel, and re-ordered to improve clarity. Complete western blots are shown in [Figure 2---figure supplement 1](#fig2s1){ref-type="fig"}. (**c**) Whole-cell detection of RPB1 expression in wild-type (8K), mutant (0K) and untransfected NIH-3T3 fibroblasts. Expression and distribution of total RNAPII (YFP, green) is similar in 8K and 0K cell lines. Immunofluorescence of S5p (pseudo-colored red) shows similar pattern and distribution in the three cell lines. DNA (pseudo-colored blue) was counterstained with TOTO-3. Scale bar, 10 µm. CTD, C-terminal domain; RPB1, RNA polymerase II large subunit; YFP, yellow fluorescent protein.**DOI:** [http://dx.doi.org/10.7554/eLife.11215.004](10.7554/eLife.11215.004)10.7554/eLife.11215.005Figure 2---figure supplement 1.Complete western blots used in [Figure 2a](#fig2){ref-type="fig"}.Sections shown in [Figure 2a](#fig2){ref-type="fig"} are highlighted with dashed boxes. High and low exposure blots are shown for YFP, S5p, and S2p. For total RPB1, YFP, S5p and S2p, two different cell lines (***a*** and ***b***) stably expressing the 8K and 0K constructs were analyzed, but only one of each was selected for [Figure 2a](#fig2){ref-type="fig"} (8K-a and 0K-a) and used in further analyses. Total RPB1 was detected with an antibody to the N-terminus of RPB1. RPB1, RNA polymerase II large subunit; YFP, yellow flourescent protein.**DOI:** [http://dx.doi.org/10.7554/eLife.11215.005](10.7554/eLife.11215.005)

To explore the effect of the number and position of different K7 residues in the mouse CTD, we generated α-amanitin-resistant *YFP-Rpb1* (YFP fusion at N-terminus of *Rpb1* gene) constructs containing different number of K7-to-S7 mutations ([Figure 2a](#fig2){ref-type="fig"}). Mutant 0K does not have any K7 residues and therefore resembles a yeast-like CTD, but with 52 repeats. Mutant 1K retains only one K7, on repeat 35, which is conserved in *D. melanogaster* (aligning from C-terminus of CTD) and is the only K7 residue present in *C. elegans*. Mutant construct 3K has three K7 residues present at repeats 35, 40 and 47, all of which are conserved in *D. melanogaster*. Finally, we used a wild-type murine *Rpb1* construct (8K), which contains all eight vertebrate-conserved K7 residues, as a control for expression and α-amanitin selection. We produced viable mouse NIH-3T3 fibroblast lines that express each of the four constructs and show stable YFP-RPB1 expression for more than one month in culture and after several passages under α-amanitin selection. Viability of cells expressing α-amanitin-resistant RPB1 was previously shown for K7-to-R7 mutations ([@bib41]) or for other CTD constructs without all lysines, where *Rpb1* contained only consensus heptapeptide repeats ([@bib13]; [@bib24]).

Mutation of CTD-K7 residues is compatible with CTD phosphorylation {#s2-2}
------------------------------------------------------------------

To determine whether non-canonical CTD-K7 residues are important for CTD phosphorylation, we performed western blotting using total protein extracts from stable NIH-3T3 clones expressing 8K (wild-type) or 0K constructs ([Figure 2b](#fig2){ref-type="fig"}, [Figure 2---figure supplement 1](#fig2s1){ref-type="fig"}); extracts from untransfected NIH-3T3 fibroblasts were analyzed as an additional control. Total expression levels of YFP-RPB1 fusion proteins, detected using an antibody against the N-terminus of RPB1, were similar to the levels of endogenous RPB1 in the parental NIH-3T3 cell line. As expected, YFP-RPB1 fusion proteins migrate at a higher molecular weight than endogenous RPB1, confirmed using antibodies that detect the YFP tag ([Figure 2b](#fig2){ref-type="fig"}, [Figure 2---figure supplement 1](#fig2s1){ref-type="fig"}). Western blot analyses of CTD phosphorylation using highly specific antibodies against S5p, S7p and S2p ([@bib9]; [@bib44]), detect hyperphosphorylated (II0) RPB1 in untransfected NIH-3T3, wild-type 8K and 0K mutant cells, showing that mutation of K7-to-S7 residues is compatible with normal global levels of serine phosphorylation.

To examine the effect of K7-to-S7 mutation on the subcellular localization of RPB1, we used confocal microscopy and YFP fluorescence to detect YFP-RPB1 fusion proteins and found that the typical RNAPII nucleoplasmic distribution is unaffected by K7-to-S7 mutations ([Figure 2c](#fig2){ref-type="fig"}; e.g. [@bib49]). Immunofluorescence using S5p antibodies also shows similar distribution and levels of S5p in 8K and 0K cells ([Figure 2c](#fig2){ref-type="fig"}). These observations show that mutation of CTD-K7 residues is compatible with viability of mouse fibroblasts, and suggest that global serine phosphorylation and RNAPII localization are independent of the presence or absence of K7 residues.

CTD-K7 residues are methylated in vivo {#s2-3}
--------------------------------------

Acetylation of CTD-K7 residues was recently identified and found associated with inducible gene expression ([@bib41]). Lysine acetylation has been extensively studied in the context of histone proteins, where it is often counter-balanced by methylation, with clear roles in regulation of gene expression and repression ([@bib3]; [@bib48]). To investigate whether K7 methylation could counteract K7 acetylation of RNAPII, we developed specific monoclonal antibodies using CTD peptides methylated on K7. With the aim of raising antibodies that could potentially detect methylation in several or all of the K7-containing CTD repeats, we chose the peptide sequence centered on the K7 residue in repeat 35 of the CTD ([Figure 3a](#fig3){ref-type="fig"}). This heptad has the most represented K7-repeat sequence (YSPTSPK), and is the K7 residue with most conserved distance to the C-terminal end of RPB1 in vertebrates and invertebrates ([Figure 1b](#fig1){ref-type="fig"}). Peptides modified by mono-, di- and tri-methylation of K7 residues were used for immunization. The supernatants of hybridoma clones were screened by enzyme-linked immunosorbent assay (ELISA) to test for specificity to CTD-K7 methylation ([Figure 3b](#fig3){ref-type="fig"}). We identified several antibody clones specific for CTD-K7 mono- or di-methylation ([Figure 3c](#fig3){ref-type="fig"}). Clone CMA611 is specific for CTD-K7me1 and does not recognize unmodified CTD-K7, CTD-K7me2, CTD-K7me3 or CTD-K7ac. Clone CMA612 is specific for CTD-K7me2 and does not bind to the other peptides tested ([Figure 3c](#fig3){ref-type="fig"}). Although ELISA analyses identified clones that recognize CTD-K7me3, or both CTD-K7me3 and me1/2 forms, these clones showed reactivity towards other proteins (not shown). We therefore did not perform further analyses using CTD-K7me3 antibody clones.10.7554/eLife.11215.006Figure 3.RPB1 is mono- and di-methylated at CTD-K7 residues.(**a**) Amino-acid sequence of CTD-K7-methyl peptides used for immunization, designed based on the sequence of mouse CTD repeats 35 and 36. (**b**) Schematic representation of strategy used for production and screening of specific CTD-K7-methyl antibodies. Antibody clones that specifically recognize K7 or its modifications should bind strongly to the wild-type band, the 8K slower-migrating band, but not to the mutant 0K band. (**c**) Specificity of CTD-K7 methyl antibodies was assessed by ELISA using unmodified (K7), mono- (K7me1), di- (K7me2), tri-methylated (K7me3) and acetylated (K7ac) CTD peptides ([Table 1](#tbl1){ref-type="table"}). Clones CMA611 and CMA612 are specific for K7me1 and K7me2, respectively. (**d**) K7me1 and K7me2 mark hypophosphorylated RPB1 in mouse cells with migration similar to forms detected using 8WG16 antibody. Western blotting was performed using total protein extracts from NIH-3T3 (3T3), and from NIH-3T3 cells stably expressing wild-type 8K (8K) or mutant 0K (0K). K7me1 and K7me2 are detected in 3T3 and 8K, but not in 0K cell lines. CTD methylation migrates at the level of hypophosphorylated RNAPII (IIa and Y-IIa). Low levels of methylation of endogenous RPB1 is also detected in 8K and 0K cell lines, due to expression from endogenous Rpb1 locus. α-Tubulin was used as loading control. For 8WG16 blot, samples were run in the same gel, and re-ordered to improve clarity. Original western blots are shown in [Figure 3---figure supplement 1a](#fig3s1){ref-type="fig"}. (**e**) CTD K7 residues are mono- and di-methylated in 3T3 cells at levels that increase with K7 number. K7me1 and K7me2 were detected by western blotting using whole-cell extracts from 3T3 lines expressing 8K, 3K, 1K or 0K Rpb1 constructs; untransfected 3T3 cell extracts were used as an additional control. RPB1 levels were measured by immunoblotting of YFP and using 8WG16 antibody with specificity for unmodified S2. α-Tubulin was used as loading control. Samples were run in the same gel, and re-ordered to improve clarity. Original western blots are shown in [Figure 3---figure supplement 1c](#fig3s1){ref-type="fig"}. (**f**) K7me2 and K7me1 are detected in invertebrates, mouse and human cells. Western blotting of K7me1 and K7me2 was performed using *C. elegans* whole worm extract (*C. ele), D. melanogaster* embryo extract (*D. mel*), total cell extracts from NIH-3T3 cells (*M. mus*) and from human HEK-293T cells (*H. sap*). α-Tubulin was used as loading control. RPB1, RNA polymerase II large subunit; YFP, yellow flourescent protein. Original western blots are shown in [Figure 3---figure supplement 1d](#fig3s1){ref-type="fig"}.**DOI:** [http://dx.doi.org/10.7554/eLife.11215.006](10.7554/eLife.11215.006)10.7554/eLife.11215.007Figure 3---figure supplement 1.Complete western blots used in [Figure 3a, 3e and 3f](#fig3){ref-type="fig"}, and detection of CTD methylation in mouse ES cells.(**a**) Complete western blot used in [Figure 3d](#fig3){ref-type="fig"}. Sections shown in [Figure 3d](#fig3){ref-type="fig"} are highlighted with dashed boxes. In the case of 8WG16, two different cell lines (***a*** and ***b***) that stably express each of the 8K and 0K constructs were analyzed but only one is shown in [Figure 3d](#fig3){ref-type="fig"} (8K-a and 0K-a). (**b**) Detection of CTD K7me1 and K7me2 in mouse ES cells at hypophosphorylated RPB1 (IIa) confirms the association of CTD-K7 methylation with the lower migrating RPB1 form. (**c**) Complete western blot used in [Figure 3e](#fig3){ref-type="fig"}. Sections used are highlighted with dashed boxes. Lower and higher exposures of western blots are displayed for K7me1. (**d**) Complete western blot used in [Figure 3f](#fig3){ref-type="fig"}. Low and high exposure versions are displayed and sections used are highlighted with dashed boxes. α-tubulin is used as reference; extracts were obtained from different extraction protocols and protein quantification was not possible for all samples. CTD, C-terminal domain; ES, embryonic stem; RPB1, RNA polymerase II large subunit.**DOI:** [http://dx.doi.org/10.7554/eLife.11215.007](10.7554/eLife.11215.007)

To test whether mono- or di-methylation of the CTD could be identified in vivo, we performed western blotting on total extracts from NIH-3T3, 8K and 0K cell lines using the novel antibodies against CTD-K7me1 and CTD-K7me2 ([Figure 3d](#fig3){ref-type="fig"}, [Figure 3---figure supplement 1a](#fig3s1){ref-type="fig"}). K7me1 and K7me2 are detected in NIH-3T3 and in 8K cell lines, both of which express a CTD with eight K7 residues, but not in the 0K mutant cell line, where all K7 residues are mutated to S7. These results confirm the specificity of the K7me1 and K7me2 antibodies to CTD-K7 modifications. The single band in NIH-3T3 and in 8K cell lines shows lack of cross-reactivity to other NIH-3T3 proteins ([Figure 3---figure supplement 1a](#fig3s1){ref-type="fig"}). These results demonstrate the existence of *in vivo* methylation of non-canonical K7 residues of the CTD in mouse fibroblasts.

RPB1 migrates in two major forms, a fast migrating hypophosphorylated (IIa) state and a slower migrating hyperphosphorylated (II0) state, as well as intermediate phosphorylation forms. Interestingly, we found that both the K7me1 and K7me2 antibodies detect the hypophosphorylated RPB1 and YFP-RPB1 bands ([Figure 3d](#fig3){ref-type="fig"}). This band is also detected by the antibody 8WG16, which preferentially recognizes unmodified S2 residues (reviewed in[@bib8]). To confirm the presence of K7me1 and K7me2 within hypophosphorylated RPB1, we repeated the K7me1 and K7me2 western blotting in mouse ES cells, confirming immunoreactivity to hypophosphorylated RPB1 ([Figure 3---figure supplement 1b](#fig3s1){ref-type="fig"}).

Multiple CTD-K7 residues are methylated {#s2-4}
---------------------------------------

To explore the extent of methylation of the eight mammalian K7 residues, we performed western blots using the NIH-3T3 cell lines engineered to express YFP-RPB1 fusion proteins bearing different numbers of K7 residues (0, 1, 3 or 8 lysines; [Figure 3e](#fig3){ref-type="fig"}, [Figure 3---figure supplement 1c](#fig3s1){ref-type="fig"}). Mono- and di-methylation were identified in total cell extracts from the 1K cell line. The intensities of mono- and di-methylation increase in the 3K line, indicating that several lysine residues are mono- and di-methylated in the same CTD. The level of mono-methylation increases further in the 8K-cell line, showing abundant mono-methylation of the CTD in vivo. In contrast, the di-methylation levels remain similar between the 8K and 3K lines, suggesting that not all eight CTD lysine-7 residues are simultaneously di-methylated, and reflecting a possible preference for di-methylation of the K residues conserved between mammals and invertebrates, which are present in the 3K construct. Similar expression levels of YFP-RPB1 were confirmed in the four cell lines using western blots for YFP and 8WG16 ([Figure 3e](#fig3){ref-type="fig"}).

CTD-K7 residues are also methylated in human cells, *D. melanogaster* and *C. elegans* {#s2-5}
--------------------------------------------------------------------------------------

We next tested whether CTD-K7 methylation is conserved across species. K7me2 is also detected in whole protein extracts from adult *Caenorhabditis elegans* worm, *Drosophila melanogaster* embryos, and human HEK293 cells, in western blotting analysis ([Figure 3f](#fig3){ref-type="fig"}, [Figure 3---figure supplement 1d](#fig3s1){ref-type="fig"}). These observations reveal, for the first time, conservation of a non-consensus CTD modification between vertebrates and invertebrates. K7me1 also occurs in human cells and *C. elegans*, but is not easily detected in extracts from *D. melanogaster* embryos, suggesting that di-methylation may be a more prevalent methylation mark. Detection of mono- and di-methylation at the single *C. elegans* K7 residue, with antibodies produced using peptides based on the mammalian repeats 34---35, also suggests that the recognition of K7 methylation is in general robust to small differences in the amino-acid sequences that flank the modified K7 residues (compare *C. elegans* sequence, *-[S~4~]{.ul}-S~5~-P~6~-**K~7~**-Y~1~-S~2~-P~3~-*, with immunizing mammalian peptide sequence, *-T~4~-S~5~-P~6~-**K~7~**-Y~1~-[T~2~]{.ul}-P~3~-*; [Figure 1a, b](#fig1){ref-type="fig"}). This conclusion is also supported by the increased detection of K7me1 and K7me2 with increased number of K7 residues in the mammalian CTD (cell lines 1K, 3K and 8K; [Figure 3e](#fig3){ref-type="fig"}), each flanked by slightly different amino acids ([Figure 1a](#fig1){ref-type="fig"}).

CTD-K7 methylation occurs early during the transcriptional cycle {#s2-6}
----------------------------------------------------------------

The observation that mono- and di-methylation of CTD-K7 residues is detected primarily in the hypophosphorylated (faster-migrating) forms of RPB1 ([Figure 3d](#fig3){ref-type="fig"}) suggests that CTD methylation is associated with early stages of the transcription cycle. However, it could also result from steric hindrance of K7me1 and K7me2 antibody binding by CTD phosphorylation. To test whether CTD phosphorylation interferes with immunodetection of K7 methylation, we performed western blots from total protein extracts obtained from mouse ES cells, and pre-treated the blots with alkaline phosphatase to remove phosphoepitopes prior to immunoblotting ([Figure 4a](#fig4){ref-type="fig"}, [Figure 4---figure supplement 1a](#fig4s1){ref-type="fig"}). We find that the detection of K7 methylation remains specific to the hypophosphorylated RPB1 after treatment of immunoblots with alkaline phosphatase, showing only a minor increase in the detection of K7me1 and K7me2 at intermediately phosphorylated forms, in conditions that fully abrogate detection of phosphorylated epitopes (e.g. S5p; see also [@bib44]). Therefore, immunodetection of K7me1 and K7me2 is only minimally affected by CTD phosphorylation, suggesting that K7me1 and K7me2 modifications are depleted from elongation-competent hyperphosphorylated RPB1 complexes. Interestingly, the association of K7me1 and K7me2 with hypophosphorylated form of RPB1 differs from K7ac, previously shown to occur at both hypo- and hyperphosphorylated RPB1 forms ([@bib41]), suggesting that K7 methylation may precede K7 acetylation during the transcription cycle.10.7554/eLife.11215.008Figure 4.Interplay between K7me1 and K7me2 with RPB1 phosphorylation.(**a**) CTD K7me1 and K7me2 mark hypophosphorylated and intermediately phosphorylated Rpb1 forms, but not the hyperphosphorylated (II0) form. Western blotting using the indicated antibodies was performed after treatment of nitrocellulose membranes in the presence (+) or absence (--) of alkaline phosphatase (AP). Hypo- (IIa) and hyperphosphorylated (II0) RPB1 forms are indicated. α-Tubulin was used as loading control. Lanes were re-ordered to improve clarity. Original western blots are shown in [Figure 4---figure supplement 1a](#fig4s1){ref-type="fig"}. (**b**) K7me1 and K7me2 abundance is insensitive to CDK9 inhibition with inhibitor flavopiridol. Mouse ES cells were treated with flavopiridol (10 µM, 1 hr), before western blotting using antibodies specific for S5p, S2p, K7me1 or K7me2. Hypo- (IIa) and hyperphosphorylated (II0) RPB1 forms are indicated. α-Tubulin was used as loading control. Lanes were re-ordered to improve clarity. Original western blots are shown in [Figure 4---figure supplement 1b](#fig4s1){ref-type="fig"}. (**c**) K7me1 and K7me2 are localized in the nucleoplasm with a more restricted distribution than S5p. Whole-cell immunofluorescence of S5p, K7me1 and K7me2 was performed using mouse NIH-3T3 fibroblasts. Nucleic acids were counterstained with TOTO-3. Scale bar, 10 µm. RPB1, RNA polymerase II large subunit.**DOI:** [http://dx.doi.org/10.7554/eLife.11215.008](10.7554/eLife.11215.008)10.7554/eLife.11215.009Figure 4---figure supplement 1.Complete western blots used in [Figure 4a and 4b](#fig4){ref-type="fig"}.(**a**) Complete western blot used in [Figure 4a](#fig4){ref-type="fig"}. Used sections are highlighted with dashed boxes and low and higher exposure blot versions are displayed. Sections of the membrane treated with alkaline phosphatase and the respective untreated controls are indicated. (**b**) Complete western blot used in [Figure 4b](#fig4){ref-type="fig"}. Used sections are highlighted with dashed boxes and low and higher exposure blot versions are displayed.**DOI:** [http://dx.doi.org/10.7554/eLife.11215.009](10.7554/eLife.11215.009)

To further investigate whether K7 mono- and di-methylation occur upstream of elongation, we treated ES cells with flavopiridol, an inhibitor of RNAPII elongation ([@bib12]). Depletion of elongation-competent complexes can be achieved by short treatment of ES cells with flavopiridol (10 µM, 1 hr), as shown by loss of S2p detection and lower mobility of S5p forms in western blots ([@bib44]; [Figure 4b](#fig4){ref-type="fig"}, [Figure 4---figure supplement 1b](#fig4s1){ref-type="fig"}). We find that K7me1 and K7me2 levels are only minimally increased by flavopiridol treatment ([Figure 4b](#fig4){ref-type="fig"}), consistent with both modifications being associated with pre-elongation stages of transcription. The minor increase in K7me1 and K7me2 levels agrees with the slightly increased detection of K7 methylation upon CTD dephosphorylation.

We then tested whether K7me1 and K7me2 are localized within the nucleus using immunofluorescence in mouse NIH-3T3 cells ([Figure 4c](#fig4){ref-type="fig"}). We find K7me1 and K7me2 concentrated in punctate nucleoplasmic domains, absent from nucleoli and regions of heterochromatin. The K7me1 and K7me2 foci are sparser than the discrete nucleoplasmic domains containing total YFP-RPB1 or S5p (see [Figure 2c](#fig2){ref-type="fig"}), consistent with their presence at RNAPII complexes involved in more restricted transcription events, rather than extensively marking chromatin-free RPB1.

CTD-K7 mono- and di-methylation mark promoters of active genes {#s2-7}
--------------------------------------------------------------

To explore the role of K7me1 and K7me2 in the transcription cycle, we mapped their chromatin occupancy genome-wide using chromatin immunoprecipitation coupled to next generation sequencing (ChIP-seq) in mouse ES cells ([Figure 5](#fig5){ref-type="fig"}). The chromatin occupancy of K7me1 and K7me2 was compared with RNAPII phosphorylation (S5p, S7p, S2p and unmodified S2 detected with antibody 8WG16), with K7 acetylation, and with mRNA-seq, using published datasets from mouse ES cells ([Figure 5a](#fig5){ref-type="fig"}; [@bib9]; [@bib41]). S5p, S7p and 8WG16 are primarily enriched at gene promoters and downstream of polyadenylation sites; S2p is detected along gene bodies and is most highly enriched immediately after polyadenylation sites ([@bib9]). CTD-K7ac occupies gene promoters and extends into gene bodies, as previously described ([@bib41]).10.7554/eLife.11215.010Figure 5.K7me1 and K7me2 mark promoters of expressed genes.(**a**) K7me1 and K7me2 are enriched at promoters of active genes. ChIP-seq profiles for K7me1, K7me2, K7ac, 8WG16, S5p, S7p and S2p, and mRNA-seq profiles are represented for the inactive gene *Myf5*, and active genes *Eed, Rpll13* and *Tuba1a*. Images were obtained from UCSC Genome Browser using mean as windowing function. (**b**) Methylation and acetylation of CTD-K7 residues coincides at most genes. Gene promoters positive for K7me1 (6962), K7me2 (8265) and K7ac (8312) were identified using a peak finder approach (see Materials and methods). The overlap between the three CTD-K7 modifications is represented using a Venn diagram. (**c**) CTD-K7 methylation and acetylation extensively co-occur with other CTD modifications. The percentages of genes positive for S5p, S7p, S2p and unmodified S2 are represented for each group of genes positive for K7me1, K7me2 and K7ac individually or simultaneously. Least and most active genes (bottom and top 15% expressed genes, respectively) are represented for comparison. Numbers of genes are indicated below each group of genes. (**d**) CTD-K7 methylation and acetylation are associated with active genes genome-wide. mRNA levels are similar at genes positive for K7me1, K7me2 and/or K7ac. Least and most active genes are represented for comparison. A pseudocount of 10^-4^ was added to FPKM prior to logarithmic transformation. (**e**) K7me1, K7me2 and K7ac are strongly enriched around the TSS of most active genes. ChIP-seq average enrichment profiles of K7me1, K7me2, K7ac, unmodified S2 (8WG16), S5p, S7p and S2p, for the most active (green) and least active (gray) genes represented over 5 kb window centered on the TSS and TES. Genes positive for H3K27me3 and/or H2Aub1 were excluded, to minimize confounding effects due to polycomb repression, which is abundant in mouse ES cells ([@bib9]). CTD, C-terminal domain; ES, embryonic stem; FPKM, Fragments Per Kilobase of exon per Million mapped reads; mRNA, messenger RNA; TES, transcription end sites; TSS, transcription start sites.**DOI:** [http://dx.doi.org/10.7554/eLife.11215.010](10.7554/eLife.11215.010)10.7554/eLife.11215.011Figure 5---figure supplement 1.CTD-K7 mono- and di-methylation are enriched at promoters of active genes.(**a**) Abundance and distribution of K7me1, K7me2, and S5p was assessed by ChIP followed by qPCR at promoters and coding regions of active (*β-Actin, Oct4, Nanog* and *Polr2a*) and inactive (*Gata1* and *Myf5*) genes using fixed chromatin from mouse ES cells. Mean and standard deviations are presented from 2--3 independent ChIP experiments, Background levels were measured using a non-specific control antibody against digoxigenin (Control). ChIP enrichment levels are expressed relative to input DNA using the same amount of DNA in the qPCR. (**b**) Distribution of ChIP-seq signal at gene promoters for CTD-K7me1, K7me2 and K7ac. Histograms for the distribution of signal at ± 2 kb windows centered at all gene promoters (red lines) or at gene promoters classified as positive according to their positive overlap with genomic regions identified by BCP analysis (blue lines). Vertical lines mark the 10% cut off. CTD-K7ac data was published in ([@bib41]). BCP, Bayesian change-point; ChIP-seq, chromatin immunoprecipitation with sequencing; CTD, C-terminal domain; qPCR, quantitative polymerasechain reaction.**DOI:** [http://dx.doi.org/10.7554/eLife.11215.011](10.7554/eLife.11215.011)10.7554/eLife.11215.012Figure 5---figure supplement 2.RNAPII CTD is mono- and di-methylated exclusively at active genes and not at Polycomb repressed genes.(**a**) Percentage of genes positive for K7me1, K7me2 and K7ac in three different classes of genes: active, polycomb repressed (PRCr) and inactive. Active genes are positive for S5p, S7p, S2p and 8WG16, and are negative for H3K27me3 and H2Aub1; PRCr genes are positive for H3K27me3, H2Aub1 and S5p and negative for S2p and 8WG16; inactive genes are negative for H3K27me3, H2Aub1, S5p, S2p and 8WG16. Number of genes for each group is indicated. (**b**) Distribution of ChIP-seq signal at gene promoters for CTD-K7me1, K7me2 and K7ac. Histograms for the distribution of signal at ± 1 kb windows centered at all gene promoters (red line), or at gene promoters classified as positive according to their overlap with the enriched regions identified by BCP (see Materials and methods; orange line), or at PRCr genes (purple line) classified as described in (**a**). Overlapping genes are excluded to avoid confounding effects. (**c**) Percentage of genes positive for H3K4me3, H3K27me3 and H2Aub1 for different groups of genes classified according to the presence of K7me1, K7me2 and/or K7ac shows a preferential association of CTD-K7 methylation and acetylation with H3K4me3. The number of genes for each group is indicated. BCP, Bayesian change-point; CTD, C-terminal domain; ChIP-seq, chromatin immunoprecipitation with sequencing; PRCr, polycomb repressed.**DOI:** [http://dx.doi.org/10.7554/eLife.11215.012](10.7554/eLife.11215.012)

Inspection of ChIP-seq profiles at single genes shows that K7me1 and K7me2 are highly enriched at promoters of active genes (*Eed, Rpl13*, and *Tuba1a*), and are detected at lower levels beyond transcription end sites ([Figure 5a](#fig5){ref-type="fig"}). K7ac is also found at gene promoters but is often present downstream of K7 methylation occupancy, within gene bodies. K7 methylation and acetylation, and other RNAPII modifications, are not detected at inactive genes (e.g. *Myf5* gene). K7me1 and K7me2 occupancy at active genes, and absence at inactive, were confirmed by single gene quantitative polymerase chain reaction (qPCR) ([Figure 5---figure supplement 1a](#fig5s1){ref-type="fig"}). In summary, we find that K7me1 and K7me2 are more tightly localized to gene promoters than K7ac, suggesting association with the earliest stages of transcription.

Given that K7me1, K7me2 and K7ac exhibit different occupancy patterns at active genes, we assessed the genome-wide promoter distribution and abundance of each mark. We first identified all genomic regions positive for CTD-K7 marks, using a peak finder suited for both sharp and broader occupancy patterns (Bayesian change-point, BCP; [@bib50]). We then used these positive regions to classify gene promoters according to the presence of each modification ([Figure 5---figure supplement 1b](#fig5s1){ref-type="fig"}). A total of 6962, 8265 and 8312 gene promoters were classified as positive for K7me1, K7me2 and K7ac, respectively. The vast majority of these genes are (i) positive for all three marks (n = 6398; [Figure 5b](#fig5){ref-type="fig"}), (ii) also marked by S5p, S7p, S2p and 8WG16 ([Figure 5c](#fig5){ref-type="fig"}), and (iii) transcriptionally active at the messenger RNA (mRNA) level ([Figure 5d](#fig5){ref-type="fig"}). As a further test of the specificity of K7me1 and K7me2 presence at productive RNAPII complexes, we evaluated their presence at polycomb repressed (PRCr) genes. This group of genes is associated with poised RNAPII complexes in mouse ES cells, which are characterized by an unusual CTD state phosphorylated at S5 but not at S7 or S2, and that does not lead to mRNA expression ([@bib9]; [@bib44]; [@bib45]). Consistent with the specificity of K7me1 and K7me2 to expressed genes, we found that K7me1 and K7me2 do not mark poised RNAPII at PRCr genes marked by H3K27me3 and H2Aub1 ([Figure 5---figure supplement 2a and 2b](#fig5s2){ref-type="fig"}) and that they are associated with promoters marked by H3K4me3 ([Figure 5---figure supplement 2c](#fig5s2){ref-type="fig"}).

To ascertain the distribution of the different CTD modifications at active genes, we plotted average occupancy profiles around transcription start sites (TSS) and transcription end sites (TES) of the 15% most and least expressed genes ([Figure 5e](#fig5){ref-type="fig"}). The novel CTD modifications K7me1 and K7me2 are sharply enriched at the TSS. These profiles are very similar to that of S7p while, in contrast, K7ac is more broadly localized up- and downstream of the TSS. Together with the observations that K7me1 and K7me2 mark hypophosphorylated RPB1 and that their abundance is insensitive to inhibition of RNAPII elongation ([Figure 4a,b](#fig4){ref-type="fig"}), their specific enrichment at the promoters of active genes suggests that they mark the earliest stages of the transcription cycle at protein coding genes.

K7me1 and K7me2 at gene promoters have negative contributions to mRNA levels {#s2-8}
----------------------------------------------------------------------------

To explore the temporal sequence of CTD modifications during the transcription cycle and how they predict gene expression levels, we performed extensive correlation analyses between different RNAPII modifications ([Figure 6](#fig6){ref-type="fig"}). We focused on active genes using a refined group of genes which are (i) positive for S5p, S7p and S2p, (ii) expressed at the mRNA level, and (iii) negative for the repressive histone modifications H3K27me3 and H2Aub1. We also excluded overlapping genes and genes where the maximum peak of RNAPII (marked by unphosphorylated RNAPII using 8WG16 antibody) is not within 50 bp of the annotated TSS, yielding a group of 1564 active genes. We find that mRNA levels are most strongly correlated with S2p levels at TES of active genes (Spearman's correlation coefficient 0.62), followed by promoter K7ac (0.55) and S7p (0.49; [Figure 6a](#fig6){ref-type="fig"}). In contrast, the enrichment levels of K7me1 and K7me2 at gene promoters (which are highly self-correlated, 0.93) poorly correlate with S2p or mRNA (0.31--0.45), but highly correlate with modifications associated with initiation and early elongation (unphosphorylated RNAPII, S5p and S7p; 0.72--0.86). These correlations suggest that CTD-K7 methylation is related to RNAPII occupancy at gene promoters, and not directly to elongating complexes. Similar results are obtained with a more inclusive correlation analysis using the full list of non-overlapping active genes irrespective of 8WG16 peak distance to TSS (n = 4271), and including histone modifications and CpG content ([Figure 6---figure supplement 1a](#fig6s1){ref-type="fig"}).10.7554/eLife.11215.013Figure 6.Exploring the relationship between different CTD modifications using correlation and linear regression analyses.(**a**) Matrix of Spearman's correlation coefficients between the levels of K7me1, K7me2, K7ac, 8WG16, S5p, S7p, S2p (2 kb window after TES), mRNA and mock ChIP control ordered according to increasing correlation with mRNA. This correlation analysis was performed with the group of active genes (n = 1564) positive for S5p, S7p and S2p, with expression level of FPKM \>1, and negative for H3K27me3 and H2Aub1, also excluding overlapping genes and genes whose maximum RNAPII peak (8WG16) is \>50 bp away from the annotated TSS. [Figure 6---figure supplement 1](#fig6s1){ref-type="fig"} represents the full group of active genes, including genes with maximum 8WG16 peak deviated from TSS \>50 bp. (**b**) The partial correlations between K7me2 and S2p is zero or becomes negative after removing the contribution of other intervening modifications. Schematic summarizes the dependencies between K7me2 and other CTD modifications relative to S2p (TES); the respective correlations are represented on top. Partial correlations between K7me2 and S2p after removing the effect of the other CTD modifications are indicated in red (\*\*\* *P*-value \< 1×10^-9^; n.s., non-significant). (**c**) Levels of S7p and K7ac independently contribute to S2 phosphorylation. The partial correlations between S7p and S2p when controlling for K7ac (top) and between K7ac and S2p when controlling for S7p (bottom) remain positive (indicated in red; \*\*\* *P*-value \< 1x10^-9^). (**d**) Exhaustive stepwise regression analysis for prediction of S2p levels at the TES using K7me1, K7me2, 8WG16, S5p, S7p, K7ac and CpG. The five best models using 1-- 5 predictors are shown. Positive and negative coefficients are represented by black and red squares, respectively; the values of adjusted R^2^ and Akaike information criterion (AIC) are indicated for each model (\* *P*-value ≤ 0.05; \*\* *P*-value ≤ 0.01; \*\*\* *P*-value ≤ 0.001; n.s., non-significant). ChIP, chromatin immunoprecipitation; CTD, C-terminal domain; FPKM, Fragments Per Kilobase of exon per Million mapped reads; mRNA, messenger RNA; TES, transcript end sites; TSS, transcription start sites.**DOI:** [http://dx.doi.org/10.7554/eLife.11215.013](10.7554/eLife.11215.013)10.7554/eLife.11215.014Figure 6---figure supplement 1.Correlations between different RNAPII CTD modifications and histone marks for all active genes.(**a**) Matrix of Spearman's correlation coefficients between the levels of several histone and CTD modifications, mRNA, CpG and mock control. The correlations present in [Figure 6a](#fig6){ref-type="fig"} were expanded here to a larger group of active genes (n = 4271) defined as positive for S5p, S7p, and S2p, negative for repressive histone marks H3K27me3 and H2Aub1 and with FPKM \>1. The correlation matrix is organized according to increasing correlation with mRNA. (**b**) Schematic of the temporal/spatial order of CTD modifications relative to K7me1 with the respective correlations represented on top. Partial correlations between K7me1 and S2p controlling for the indicated CTD modifications are indicated in red (\*\*\* *P*-value \< 1x10^--12^; n.s., non-significant). CTD, C-terminal domain; FPKM, Fragments Per Kilobase of exon per Million mapped reads; mRNA, messenger RNA.**DOI:** [http://dx.doi.org/10.7554/eLife.11215.014](10.7554/eLife.11215.014)10.7554/eLife.11215.015Figure 6---figure supplement 2.CTD K7me1 and K7me2 negatively contribute for the prediction of S2p levels.Typical LASSO regression models to predict S2p levels select K7me1 or K7me2 as negative predictor variables at the optimum penalty (blue line, top graph). LASSO regression employs the L1 norm to penalize (shrink) regression coefficients towards zero in order to prevent over-fitting due to co-linearity between predictor variables. Here, we used 8WG16, S5p, S7p, K7me1, K7me2, K7ac and CpG as input predictors and employed 10-fold cross-validation (bottom graph) to select the most parsimonious model within 1 SE of the minimum MSE, represented by the red dashed lines. CTD, C-terminal domain; LASSO, least absolute shrinkage and selection operator; MSE, mean standard error; SE, standard error.**DOI:** [http://dx.doi.org/10.7554/eLife.11215.015](10.7554/eLife.11215.015)

Given that all CTD modifications correlate with each other to a certain extent, we performed partial correlation analyses to disentangle the association between K7 methylation and productive elongation after accounting for the effects of other intervening RPB1 modifications ([Figure 6b](#fig6){ref-type="fig"}). Surprisingly, we found that the partial correlation between K7me2 and S2p becomes zero after removing individual contributions of S5p or K7ac; similar results were obtained for K7me1 ([Figure 6---figure supplement 1b](#fig6s1){ref-type="fig"}). Moreover, removing the contribution of S7p alone, or the combined contributions of S7p, S5p and K7ac, results in small negative correlations of K7me2 (and K7me1) with S2p ([Figure 6---figure supplement 1b](#fig6s1){ref-type="fig"}). These results suggest that K7me1 and K7me2 are anti-correlated with S2p, which in turn is highly correlated with K7ac. We also performed partial correlation analyses to test the individual contributions of S7p and K7ac to productive elongation after adjusting for the effects of their correlation with each other. Both marks maintain positive partial correlations with S2p levels (0.29 and 0.25 respectively; [Figure 6c](#fig6){ref-type="fig"}), suggesting that both S7p and K7ac have direct links to the extent of elongation.

In these pairwise correlation analyses, we began to dissect unexpected dependencies between different CTD modifications and how they relate to productive elongation. However, the most likely scenario is that several CTD modifications jointly contribute to expression levels. To further explore whether CTD modifications work together to promote productive transcription, we employed stepwise regression models to determine the CTD modifications that best predict elongation marked by S2p levels, for a given number of predictors ([Figure 6d](#fig6){ref-type="fig"}). These analyses confirm that S7p and K7ac are (i) the best predictors of S2p in single-variable models, (ii) the top combination of modifications in two-variable models, and (iii) always present in the top models when considering three, four and five modifications. Surprisingly, we also find that the promoter levels of K7me1 and K7me2 have significant negative contributions to the S2p elongation mark and mRNA expression, when considered together with the positively correlated variables S5p, S7p and/or K7ac. The dependencies identified were further tested using LASSO regression, which is more robust to artifacts (due to co-linearity in the predictors and over-fitting), in combination with a common cross-validation approach (minimum error plus one standard error criterion) to select the most parsimonious linear model in the LASSO path ([Figure 6---figure supplement 2](#fig6s2){ref-type="fig"}). We confirmed major positive contributions of S7p and K7ac to the levels of S2p (and mRNA), together with smaller (non-redundant) positive contribution of S5p, and negative contribution of K7me1. LASSO regression also shows that the levels of K7me1 and K7me2 are redundant, as K7me2 has a similar negative contribution to the minimal linear model found by LASSO analysis, when K7me1 is excluded from the variable set (not shown). Taken together, these results reinforce the observation that K7me1 and K7me2 are early transcription marks that are present at actively transcribed genes, but have negative contribution to mRNA levels, and raise the possibility that a balance between K7 methylation and K7 acetylation might define the extent of productive elongation at active genes.

The balance between CTD-K7 methylation and acetylation correlates with gene expression {#s2-9}
--------------------------------------------------------------------------------------

To investigate whether the balance between CTD-K7 methylation and acetylation at gene promoters could be predictive of gene expression, we calculated the ratio between K7me2 and K7ac and investigated how it relates to mature and nascent RNA levels. We find that the K7me2/K7ac ratio negatively correlates with mRNA expression (Spearman's correlation coefficient -0.35; [Figure 7a](#fig7){ref-type="fig"}, [Figure 7---figure supplement 1a](#fig7s1){ref-type="fig"}). Analyses of nascent transcription using published GRO-seq (global run-on sequencing) data ([@bib26]) yield a similar negative correlation with coefficient --0.31 ([Figure 7---figure supplement 1b](#fig7s1){ref-type="fig"}).10.7554/eLife.11215.016Figure 7.CTD-K7 methylation and acetylation have different distributions at the promoters of active genes and their levels are associated with gene expression.(**a**) K7me2/K7ac ratio correlates negatively with mRNA expression. (**b**) Distribution of K7me2/K7ac ratios, and their division into three quantiles: low (green), medium (yellow) and high (blue) ratios. (**c**) Heatmaps showing ChIP-seq density for a group of active genes (n = 1564 genes, defined as in [Figure 6a](#fig6){ref-type="fig"}) using ± 500 bp windows centered on promoters, except for S2p, using window -500 to +1000 bp; z-scores per gene are represented. Genes were ordered according to K7me2/K7ac ratios, from highest to lowest. Gene expression (both nascent and mature RNA; FPKM) is represented for comparison. (**d**) Unmodified S2 (8WG16), K7me2, K7ac, S7p, S2p (TES) and gene expression (mRNA) levels are represented for the three quantiles of K7me2/K7ac ratio. A Wilcoxon rank-sum test was used to calculate significant differences between the K7me2/K7ac quantiles and the respective p-values are represented. (**e**) Schematic representation of the relation between K7me2 and K7ac levels with mRNA expression. Examples of Gene Ontology (GO) terms and respective genes associated with high and low K7me2/K7ac ratios are represented. (**f**) Amount of fold change after 6 hr treatment with the histone deacetylase inhibitor TSA is represented for the three quantiles of K7me2/K7ac ratio. Fisher's exact test was used to calculate significant differences between the K7me2/K7ac quantiles and the respective P-values are represented. Only genes with a minimum fold change of 2-fold change at 6 hr TSA treatment are shown. Dashed line: 2-fold change. (**g**) Inhibition of P300 promotes an increase in global levels of CTD-K7me2. Mouse ES cells were treated with P300 inhibitor C646 (30 µM, 3 hr), before western blotting with antibodies specific for total RNAPII, K7me2 and S7p (top panel) and H3K9 acetylation (bottom left panel). Hypo- (IIa) and hyperphosphorylated (II0) RPB1 forms are indicated. Lamin B and α-tubulin were used as loading control. Original western blots are shown in [Figure 7---figure supplement 4](#fig7s4){ref-type="fig"}. Relative quantification of western blot signal intensity (bottom right panel). Signal intensity of total RNAPII, K7me2 and S7p for control and C646 treated samples was normalized to the corresponding Lamin B signal. The levels of total RNAPII, K7me2 and S7p after P300 inhibition are represented relative to the signal from control (DMSO only) cells. Bars represent average values with standard deviation from two biological replicates and two to four technical replicates. CTD, C-terminal domain; ChIP-seq, chromatin immunoprecipitation with sequencing; DMSO, dimethyl sulfoxide; ES, embryonic stem; FPKM, Fragments Per Kilobase of exon per Million mapped reads; mRNA, messenger RNA; TSA, Trichostatin A.**DOI:** [http://dx.doi.org/10.7554/eLife.11215.016](10.7554/eLife.11215.016)10.7554/eLife.11215.017Figure 7---figure supplement 1.CTD methylation / acetylation ratio negatively correlates with S2p and RNA production.(**a**) CTD K7 methylation / acetylation ratio negatively correlates with S2p (TES) and mRNA. Matrix of Spearman's correlation coefficients between ratios K7me1/K7ac and K7me2/K7ac and K7me1, K7me2, S5p, S7p, K7ac, S2p (2 kb window after TES) and mRNA ordered according to increasing correlation with mRNA. The group of active genes (n = 1564) was defined in [Figure 6a](#fig6){ref-type="fig"}. (**b**) Higher levels of sense nascent transcripts are detected with decreasing K7me2/K7ac ratios; anti-sense TSS reads are similar across K7 ratio quantiles, except for a small decrease in the low ratio, high expression quantile. Published GRO-seq data obtained in mouse ES cells ([@bib26]) were analysed to determine RPKM and read counts from --500 to +1000 bp relative to TSS. CTD, C-terminal domain; ES, embryonic stem; GRO-seq, globalrun-on sequencing; mRNA, messenger RNA; TES, transcription end sites; TSS, transcription start sites.**DOI:** [http://dx.doi.org/10.7554/eLife.11215.017](10.7554/eLife.11215.017)10.7554/eLife.11215.018Figure 7---figure supplement 2.Distribution of different RPB1 modifications around the promoter of active genes.(**a**) Heatmaps of ChIP-seq density using a ± 500 bp window centered around the TSS (unless stated otherwise) of active genes defined as positive for S5p, S7p and S2p, as negative for H3K27me3 and H2Aub1 and with FPKM \>1 (n = 4271); z-scores per gene are represented. Genes were ordered from highest to lowest K7me2/K7ac ratio, and individual heatmaps are represented for different RPB1 modifications, histone modification H3K4me3 and no antibody control. Gene expression is represented for comparison \[both nascent (GRO-seq signal and RPKM values) and mature RNA\]. (**b**) Examples of active genes associated with high and low K7me2/K7ac ratio. Single gene ChIP-seq profiles for RPB1 modifications and mRNA expression for genes associated with high K7me2/K7ac ratio (*Nupr1;* ratio 5.7 and *Caprin2*; ratio 2.8) and low K7me2/K7ac ratio (*Rpl6*; ratio 0.5 and *Mcm3*; ratio 0.8). Single gene ChIP-seq images were obtained from UCSC genome browser. ChIP-seq, chromatin immunoprecipitation with sequencing; GRO-seq, global run-on sequencing; RPB1, RNA polymerase II large subunit; RPKM, reads per kilobase per million of reads mapped; TSS, transcription start sites.**DOI:** [http://dx.doi.org/10.7554/eLife.11215.018](10.7554/eLife.11215.018)10.7554/eLife.11215.019Figure 7---figure supplement 3.Genes with higher K7me2/K7ac ratio are up-regulated after TSA treatment.(**a**) Range of K7me2/K7ac ratios for genes used in expression analysis after Trichostatin A (TSA) treatment. (**b**) Total RNA levels were analysed by quantitative RT-PCR after treatment of ES cells with TSA (50 nM, 3 hr) or vehicle DMSO (control cells). Expression relative to control cells is represented and genes are ordered according to K7me2/K7ac ratio. Total RNA levels were measured using primers for the 5´end of each gene and normalized fo*r Actb* mRNA levels. Mean and standard deviations from 3 independent TSA treatments are represented. DMSO, dimethyl sulfoxide; ES, embryonic stem; RT-PCR, reversetranscription polymerase chain reaction.**DOI:** [http://dx.doi.org/10.7554/eLife.11215.019](10.7554/eLife.11215.019)10.7554/eLife.11215.020Figure 7---figure supplement 4.Complete western blots used in [Figure 7g](#fig7){ref-type="fig"}.Sections shown in [Figure 7g](#fig7){ref-type="fig"} are highlighted with dashed boxes. High and low exposure blots are shown for K7me2. In the H3K9ac western blot, the sections shown with increasing exposure time correspond to the area blotted for H3K9ac. Total RPB1 was detected with an antibody to the N-terminus of RPB1. RPB1, RNA polymerase II large subunit.**DOI:** [http://dx.doi.org/10.7554/eLife.11215.020](10.7554/eLife.11215.020)

To visualize the effect of the ratio between K7 methylation and acetylation on promoter occupancy and expression of single genes, we generated ChIP-seq heatmaps centered on active promoters after ordering genes according to their K7me2/K7ac ratio and dividing them in three groups (low, medium and high ratio; [Figure 7b](#fig7){ref-type="fig"}). We observe that unmodified S2, marked by 8WG16, shows a major peak centered on the TSS, as well as a secondary peak 140 bp downstream, and is independent of the K7me2/K7ac ratio ([Figure 7c](#fig7){ref-type="fig"}; see also [Figure 7---figure supplement 2a](#fig7s2){ref-type="fig"} for the full list of non-overlapping active genes). K7me1 and K7me2 are enriched at the TSS-centered peak, but not at the secondary 8WG16 peak +140 bp downstream of the TSS ([Figure 7c](#fig7){ref-type="fig"}), which has previously been associated with promoter-proximal pausing ([@bib39]). In contrast, K7ac expands downstream of the TSS up to +500 bp, especially at genes with low K7me2/K7ac ratios, but without specific enrichment at the secondary 8WG16 peak. S2p, which is a broad elongation mark enriched mostly at the TES, does not peak at the TSS. Interestingly, genes with the highest K7me2/K7ac ratios exhibit the lowest mRNA or nascent transcript expression ([Figure 7c and 7d](#fig7){ref-type="fig"}), and lowest S2p in the beginning of gene bodies ([Figure 7c](#fig7){ref-type="fig"}) and after TES ([Figure 7d](#fig7){ref-type="fig"}). Inspection of single gene profiles confirms these general observations ([Figure 7---figure supplement 2b](#fig7s2){ref-type="fig"}).

To explore the functionality of genes associated with higher or lower K7me/K7ac ratios, we performed Gene Ontology (GO) analyses ([Figure 7e](#fig7){ref-type="fig"}). Interestingly, we found that genes with high K7me2/K7ac ratios are associated with GO terms that relate with *negative regulation of translation*, and kinase cascades, such as *positive regulation of peptidyl-serine phosphorylation*, of *Rab GTPase activity* and of *JUN kinase activity*. In contrast, genes with low K7me2/K7ac ratios are associated with GO terms that relate with housekeeping functions in mouse ES cells such as *translation, DNA-dependent transcription, carbohydrate utilization* and *regulation of developmental process.* These results suggest that the balance between K7 methylation and acetylation at gene promoters is important to define the extent of productive transcription at groups of genes with different biological functions, namely in the transition between initiation and elongation, which can contribute to fine-tuning gene expression levels.

Previous work reported transcriptional up-regulation of gene expression upon treatment of ES cells with histone deacetylase inhibitor Trichostatin A (TSA; [@bib27]), which has also been shown to induce global increase in CTD-K7acetylation ([@bib41]). To test whether the genes with highest K7me2/K7ac ratios are more sensitive to up-regulation upon TSA treatment, we mined published microarray data from mouse ES cells treated with TSA ([@bib27]). We find that TSA has different effects on the three groups of genes according to their K7me2/K7ac ratio ([Figure 7f](#fig7){ref-type="fig"}). The genes with high K7me2/K7ac ratio are more likely to be upregulated (107/141 genes) upon TSA treatment, than downregulated (34/141 genes). Genes in the medium ratio group are equally likely to be upregulated (51/91 genes) or downregulated (40/91 genes). Finally, genes with the lowest ratio are most often downregulated (142/180 genes) than upregulated (38/180 genes). The effect of TSA on three groups of genes is significantly different (Fisher's exact test; high versus low ratio: p \< 2.2x10^--16^). We observed a similar trend when we treated our ES cell line with TSA; genes with higher ratios tend to be upregulated ([Figure 7---figure supplement 3](#fig7s3){ref-type="fig"}).

To test the converse effect of K7ac depletion on the levels of K7me, we treated cells with P300 inhibitor C646, which was previously shown to deplete K7ac levels ([@bib41]). We find that inhibition of P300 induces an average 1.7-fold increase in the global levels of K7me2 (ranging from 1.2 to 2.5-fold across replicates), whereas the levels of total RPB1 remain constant or are slightly increased ([Figure 7g](#fig7){ref-type="fig"}). Levels of S7p also remain constant after P300 inhibition with C646 suggesting that K7ac and S7p contribute independently to productive elongation ([Figure 7g](#fig7){ref-type="fig"}), an observation which is consistent with the non-redundant contributions of K7ac and S7p to S2p and mRNA levels found by partial correlation and stepwise regression analyses ([Figure 6](#fig6){ref-type="fig"}).

Taken together, our results suggest that the extent of productive transcription at active genes with similar RNAPII recruitment to their promoters, is modulated at the level of CTD-K7 modifications, with methylation being associated with less productive transcription, and K7 acetylation being most enriched at the highest expressed genes.

Discussion {#s3}
==========

The expansion of the RPB1 CTD in repeat number and amino acid diversity has been associated with increased complexity in specific groups of organisms, including vertebrates and plants ([@bib16]; [@bib51]). Larger CTDs are thought to accommodate larger protein complexes. Non-canonical CTD repeats have the potential to expand the diversity of post-translational modifications, resulting in more complex signaling through the CTD. Although there is increasing recognition that complex CTDs may have specific roles in the regulation of more complex developmental programs, gene structures or gene organization ([@bib32]; [@bib33]; [@bib42]), our understanding of CTD signaling remains extremely limited, particularly as we have not yet identified all CTD modifications.

A small number of modifications to non-canonical residues have been identified, and their importance for the expression of specific subgroups of genes revealed. In mammalian cells, methylation of a single CTD-R7 is involved in expression of snRNAs and snoRNAs ([@bib43]). Acetylation of CTD-K7 residues, the most common non-canonical substitution, has been associated with inducible gene expression of EGF-regulated genes ([@bib41]).

In the present study, we show that CTD-K7 residues are mono- and di-methylated in mouse and human cells, and in the invertebrates *C. elegans* and *D. melanogaster*. Using murine cell lines with K7-to-S7 substitutions, we show that several CTD-K7 residues are simultaneously mono- and di-methylated, including a single K7 residue at repeat 35 of the murine CTD. Conservation of CTD-K7 methylation, and expansion of the number of methylated CTD-K7 residues from invertebrates to mammals, suggests functional relevance of this modification across taxa. Model systems characterized by K7 expansion (e.g. *Plasmodium* parasites; [@bib29]) further support the need for studying the extent of K7 modifications at RNAPII CTD.

We demonstrate that CTD-K7 mono- and di-methylation are associated with the earliest stages of transcription, are refractory to CDK9 inhibition using flavopiridol, and are distributed in discrete foci in the nucleoplasm of single cells. We mapped the genome-wide occupancy of K7me1 and K7me2 in mouse ES cells and find that they are highly enriched at the promoters of active genes. CTD-K7 methylation levels are highly correlated with promoter levels of unmodified S2, S7p, and S5p, but are uncoupled from mRNA expression and S2p abundance. In contrast, we find that CTD-K7 acetylation expands downstream of promoter regions into gene bodies, and highly correlates with S2p and mRNA levels.

One interesting aspect that emerges from studying CTD-K7 methylation and acetylation is that the two marks may compete for the eight available K7 residues at the CTD and thereby regulate gene expression levels. We observed that the ratio between K7me2 and K7ac at active promoters is inversely related to gene expression. Genes with similar promoter occupancy of RNAPII but which have higher levels of K7me2 relative to K7ac are significantly less expressed than genes that have higher levels of K7ac relative to K7me2. This suggests that a balance between K7 modifications fine-tunes gene expression levels.

Further studies are required to explore the enzymatic activities that methylate and demethylate CTD-K7 residues, as well as the readers of methylated CTD-K7. We performed co-immunoprecipitation experiments of proteins associated with YFP-tagged RPB1 containing the wild-type CTD or the CTD bearing all K7-to-S7 mutations, followed by mass spectrometry, but this strategy failed to identify specific modifiers and readers (data not shown), suggesting that the interactions of RNAPII with CTD-K7 modifiers and/or readers may be transient and not easily captured by in vitro biochemical approaches.

The identification of modified CTD-K7 residues (K7me1, K7me2, K7me3 and K7ac) expands the repertoire of CTD interactors to proteins containing domains that recognize these marks, such as PHD finger, bromo-, chromo-, tudor- and MBT-domains ([@bib5]; [@bib23]). Cross-talk between K7 modification and other CTD modifications, such as phosphorylation, may also regulate the extent of factor recruitment. Future investigations of the CTD code should consider the contribution of K7 modifications to co-transcriptional gene regulation in development and disease.

Materials and methods {#s4}
=====================

Cell culture {#s4-1}
------------

Mouse ES cell line OS25 (generated in the laboratory of Austin G. Smith, and kindly donated by Wendy Bickmore) was grown on 0.1% gelatin-coated surfaces in GMEM-BHK21 supplemented with 10% fetal calf serum, 2 mM L-glutamine, 1% MEM non-essential amino acids, 1 mM sodium pyruvate, 50 μM β-mercaptoethanol (all from Gibco, Invitrogen; Waltham, MA), 1000 U/ml of human recombinant leukaemia inhibitory factor (LIF; Chemicon, Millipore; Germany) and 0.1 mg/ml Hygromycin (Roche; Switzerland), as described previously ([@bib6]; [@bib38]). For inhibition of CDK9 activity and S2 phosphorylation, ES cells were treated for 1 hr with 10 µM of flavopiridol prior to protein extraction ([@bib44]); from 50 mM stock in dimethyl sulfoxide (DMSO); a kind gift from Sanofi-Aventis, provided by Drug Synthesis and Chemistry Branch, Developmental Therapeutics Program, Division of Cancer Treatment and Diagnosis, National Cancer Institute, Bethesda, MD. For general deacetylase inhibition, ES cells were treated with TSA (50 nM, 3 hr); western blotting for H3K9ac confirmed efficient deacetylase inhibition (not shown). For inhibition of P300 acetylase, ES cells were treated (3h) with 30 µM C646 (Sigma, \# SML0002; Germany) inhibitor, prior to protein extractions. For flavopiridol, TSA and C646 treatments, control cells were treated with vehicle (DMSO).

NIH-3T3 cells (kind donation from Alex Sardini) were grown in Dulbecco\'s modiﬁed Eagle\'s medium (DMEM) supplemented with 10% fetal calf serum, 2 mM L-glutamine and 1 mM sodium pyruvate (all from Gibco, Invitrogen). NIH-3T3 derived cell lines 8K, 3K, 1K and 0K were grown in presence of α-amanitin selection (2 µg/ml; Sigma).

Mouse ES cell line (OS25) and mouse NIH-3T3 fibroblast line were negative for mycoplasma, and routinely tested for mycoplasma with PCR mycoplasma test kit (AppliChem; Germany), according to manufacturer's instructions.

Generation of NIH-3T3 cell lines expressing wild-type and mutant CTD constructs {#s4-2}
-------------------------------------------------------------------------------

The RPB1 construct *YFP-Rpb1 amr* contains a point mutation that gives resistance to α-amanitin (kind gift from Xavier Darzacq; [@bib17]). The construct was digested with *SanDI* and *HpaI* (Thermo Fisher Scientific; Waltham, MA) to remove a fragment with 1.3 kb (residues 6126 to 7428) containing the *Rpb1* CTD. Different CTD sequences with wild-type (8K) and mutant repeats (3K, 1K and 0K) were obtained by gene synthesis (Genscript; Piscataway, NJ ) in the pUC57 vector backbone. In the mutant constructs, the K7 residues were converted into the consensus S7 residues. Mutant 3K contains only three of the K7 residues present at repeats 35, 40 and 47, mutant 1K contains only one K7 residue present at repeat 35 and mutant 0K has all K7 residues mutated to S7. Wild-type and mutant CTDs were cloned from the pUC57 vectors to the *YFP-Rpb1 amr* backbone using the *SanDI* and *Hpa*I restriction sites. Constructs were digested and sequenced to confirm the presence of the eight K7 codons at the wild-type construct, the K7 to S7 mutations at the different mutant contructs and the absence of additional sequence changes. For generation of cell lines 8K, 3K, 1K and 0K, NIH-3T3 cells growing in a 6-well dish were transfected with 3 µg of DNA using lipofectamine 2000 (Invitrogen, \# 11668). α-Amanitin selection (2 µg/ml, Sigma) was started 24 hr after transfection. Polyclonal cell lines were kept under selection and expanded for 1 month before being used in the experiments described.

Generation and purification of antibodies against CTD-K7me1 and CTD-K7me2 {#s4-3}
-------------------------------------------------------------------------

All handling of mice was approved by the Hokkaido University Animal Experiment Committee (approval number: 11-0109) and carried out according to guidelines for animal experimentation at Hokkaido University, where MAB Institute is located. Animals were housed in a designated pathogen-free facility at Hokkaido University. Mice were humanely euthanized via cervical dislocation by technically proficient individuals.

Mouse monoclonal antibodies were produced essentially as described previously ([@bib28]). Briefly, to generate monoclonal antibodies specific for CTD-K7me1, me2 and me3, mice were immunized with synthetic peptides ([Figure 3a](#fig3){ref-type="fig"}) that were conjugated with keyhole limpet hemocyanin. Hybridoma clones were generated and screened by ELISA using 96-well microtiter plates that were coated with the synthetic peptides ([Table 1](#tbl1){ref-type="table"}) conjugated with bovine serum albumin. Microtiter plates were incubated with 3-fold dilutions of each antibody starting from 1:20 dilution of a hybridoma culture supernatant, washed with phosphate-buffered saline (PBS), incubated with peroxidase-conjugated secondary antibody, and washed with PBS, before the colorimetric detection (450 nm absorbance) using tetramethylbenzidine. ELISA-positive clones were further validated using western blotting to attest their RNAPII specificity.10.7554/eLife.11215.021Table 1.RPB1 CTD peptides. CTD peptides with unmodified, mono-, di-, tri-methyl and acetyl K7 residues were used in ELISA assays to characterize the specificity of the CTD methyl antibodies produced in this study. **DOI:** [http://dx.doi.org/10.7554/eLife.11215.021](10.7554/eLife.11215.021)Peptide sequenceModificationSYSPTSP**K**YTPTSPSCUnmodifiedSYSPTSP**Kme1**YTPTSPSCK7 monomethylSYSPTSP**Kme2**YTPTSPSCK7 dimethylSYSPTSP**Kme3**YTPTSPSCK7 trimethylSYSPTSP**Kac**YTPTSPSCK7 acetyl[^3]

Hybridoma clones CMA611 and CMA612 used in this study were specific for K7me1 and K7me2 peptides, respectively. Prior to purification, CMA611 and CMA612 antibody clones were isotyped as IgG2b-κ and IgG1-κ, respectively, using a Mouse Monoclonal Antibody Isotyping Kit (AbD Serotec, \#MMT1; Hercules, CA).

Clones were expanded in CD Hybridoma medium (Life Technologies) and culture supernatant was collected (for CMA612 clone NaCl was added to a final concentration of 4M), filtered using a 0.45 μm membrane (Nalgene; Rochester, NY) and purified using HiTrap Protein A FF Sepharose columns (1 ml; GE Healthcare; UK). Elution of CMA611 clone was performed using elution buffer (0.1 M glycine-HCl, pH 2.8). Elution of CMA612 clone was performed using mouse IgG1 mild elution buffer (Thermo Scientific). Antibody elution fractions were concentrated and the buffer was replaced to PBS using centrifugal filtration with Amicon Ultra filter 50K (Millipore).

Western blotting {#s4-4}
----------------

Whole cell extracts were collected by scraping cells in ice-cold \'lysis\' buffer \[50 mM Tris-HCl pH 7.5, 1 mM EDTA, 10% glycerol, 50 mM NaF, 5 mM sodium pyrophosphate, 1% Triton X-100 (all from Sigma), 1 mM DTT (Invitrogen), supplemented with phosphatase inhibitors Na~3~VO~4~ (2 mM) and PMSF (1 mM, Sigma) and protease inhibitor cocktail (Complete Mini EDTA-free, Roche \# 11836170001)\]. To release chromatin-associated proteins, cell extracts were sheared by passage through a 25G needle, as in [@bib44]. Protein content of cell extracts was quantified using either Bradford (Bio-Rad, \# 500-0205) or Bio-Rad DC protein assay (Bio-Rad, \#500-0116). The following amounts of total extracts were used for western blotting: 0.5--2 µg total protein for 4H8 (S5p) and 8WG16 (unmodified-S2) antibodies, and 5--10 µg total protein for the other RNAPII antibodies/modifications and 20 µg for histone H3K9 acetylation. Protein extracts were resolved on 3%--8% Tris-acetate sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) gels (Novex, Life Technologies; Waltham, MA) for RNAPII modifications and 15% SDS-PAGE gels for histone H3K9 acetylation. Membranes were blocked, incubated for primary antibody, washed and incubated for secondary antibody all in blocking buffer (10 mM Tris-HCl pH 8.0, 150 mM NaCl, 0.1% Tween-20, 5% non-fat dry milk; all from Sigma). Horseradish peroxidase (HRP)-conjugated secondary antibodies (Jackson ImmunoResearch Labs; Westgrove, PA) were detected with ECL western blotting detection reagents (Amersham, GE Healthcare). Detailed information about antibodies is shown in [Table 2](#tbl2){ref-type="table"}.10.7554/eLife.11215.022Table 2.List of Antibodies used in this study. Full description of the antibodies and the amounts or concentrations used in this study for WB, ChIP or IF.**DOI:** [http://dx.doi.org/10.7554/eLife.11215.022](10.7554/eLife.11215.022)Amount/dilutionAntibodyRaised in\
(isotype)CloneStockWBChIPIFSourceS5pMouse (IgG)CTD4H8 (MMS-128P)1 mg/ml1/200,00010 µl (10 µg)1/3000CovanceS7pRat (IgG)4E12-1/10\--Kind gift from\
Dirk EickS2pMouse (IgM)H5\
(MMS-129R)1--3 mg/ml1/500\--CovanceUnphospho-S2Mouse (IgG)8WG16\
(MMS-126R)1--3 mg/ml1/200\--CovanceN-terminus\
(Total RPB1)Rabbit (IgG)H224\
(sc-9001x)200 µg/ml1/200\--Santa Cruz BiotechnologyK7me1Mouse (IgG)CMA61110 mg/ml1/10005 µl\
(50 µg)1/200This studyK7me2Mouse (IgG)CMA61210 mg/ml1/10005 µl\
(50 µg)1/200This studyH3K9acRabbit serum39585-1/1000\--Active MotifLamin BGoat (IgG)C-20 Sc-6216200 µg/ml1/500-Santa Cruz\
Biotechnologyα-tubulinMouse (IgG)T60742 mg/ml1/10,000\--SigmaGFPRabbit (IgG)A111222 mg/ml1/1000\--Life TechnologiesDigoxigeninMouse (IgG)200--002-1561.2 mg/ml-10 µl (12 µg)-Jackson ImmunoResearch[^4]

To remove phospho-epitopes from blots after protein transfer, membranes were treated with Alkaline Phosphatase Calf Intestinal (1 U/µl; NEB, \#M0290S; Ipswich, MA) for 8 hr at 37°C in NEB buffer 3, prior to western blotting; control untreated blots were incubated with NEB buffer 3.

*C. elegans* whole worm extracts (kind donation from Stefanie Seelk and Baris Tursun) were prepared from N2 worms (wild-type). Worms were washed in M9 medium (42 mM Na~2~HPO~4~, 22 mM KH~2~PO~4~, 86 mM NaCl, 1 mM MgSO~4~) and directly lysed in SDS sample buffer for 10 min at 94°C. Nuclei from *D. melanogaster* embryos (kind donation from Robert Zinzen) were isolated as previously described in [@bib7]. Protein extracts were obtained using \'lysis\' buffer as described above.

Immunofluorescence {#s4-5}
------------------

Mouse fibroblasts (NIH-3T3 cell line) were grown on coverslips coated with poly-L-lysine (Sigma). Cells were fixed at room temperature for 10 min in 4% freshly depolymerized paraformaldehyde, 0.1% Triton X-100 in 125 mM HEPES-NaOH (pH 7.6) and permeabilized in 1% Triton X-100 in PBS for 20 min at room temperature. After permeabilization, coverslips were washed in PBS and incubated with 20 mM glycine (Sigma) in PBS for 30 min at room temperature.

Blocking (1 hr), incubation with primary (2 hr) and secondary (1 hr) antibodies was performed in \'PBS plus\' (PBS supplemented with 1% casein, 1% BSA, 0.2% fish skin gelatin, pH 7.8, all from Sigma). Washes were done using \'PBS plus\' (after primary and secondary antibody incubations). Prior to nuclei acid staining, coverslips were washed with 0.1% Tween-20 in PBS. Nucleic acids were stained using 2 µM TOTO-3 iodide (Invitrogen) in 0.1% Tween-20 in PBS for 20 min at room temperature. Coverslips were mounted in VectaShield (Vector Laboratories, UK) and imaging was performed using a laser scanning confocal microscope Leica TCS SP2.

Chromatin immunoprecipitation {#s4-6}
-----------------------------

ChIP for RNAPII modifications was performed using fixed chromatin as described previously ([@bib9]; [@bib44]). Mouse ES cells were fixed in 1% formaldehyde (Sigma) at 37°C for 10 min after which the reaction was stopped adding glycine to a final concentration of 0.125M. Fixed cells were washed with ice cold PBS, lysed in \'swelling buffer\' \[25 mM HEPES pH 7.9, 1.5 mM MgCl~2~, 10 mM KCl (all from Sigma) and 0.1% NP-40 (Roche)\], scraped from dishes and nuclei were isolated with a Dounce homogenizer (tight pestle) followed by centrifugation. Nuclei resuspended (1x10^7^ nuclei/ml) in \'sonication\' buffer \[50 mM HEPES pH 7.9, 140 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% Na-deoxycholate and 0.1% SDS (all from Sigma)\] were sonicated (Diagenode Bioruptor) for 30 min at full power for 30 cycles of 30 s \"on\" and 30 s \"off\" at 4°C. Chromatin was centrifuged and, after disposal of the insoluble fraction, DNA content was quantified using alkaline lysis. Both swelling and sonication buffers were supplemented with phosphatase inhibitors sodium flouride (5 mM), Na~3~VO~4~ (2 mM) and phenylmethylsulfonyl fluoride (PMSF; 1 mM) and protease inhibitor cocktail (Complete Mini EDTA-free, Roche \# 11836170001).

Protein G magnetic beads (Active Motif; Carlsbad, CA) were incubated (50 µl per IP) with 10 µg of bridging antibody anti-IgM/IgG (Jackson ImmunoResearch) for 1 hr at 4°C and then washed and resuspended in sonication buffer. For each immunoprecipitation, 600--700 µg of chromatin was incubated overnight with beads and the respective RNAPII or control antibody (for details about ChIP antibodies see [Table 2](#tbl2){ref-type="table"}). After immunoprecipitation, beads were washed at 4°C as described previously ([@bib44]). For elution of the immune complexes, beads were resuspended in 50 mM Tris-HCl pH 8.0, 1 mM EDTA, 1% SDS and incubated for 5 min at 65°C, followed by 15 min at room temperature. Reverse cross-linking was done at 65°C overnight (for qPCR) or for 8 hr (for samples processed for chromatin immunoprecipitation with sequencing (ChIP-seq) library preparation) after adding 10 µg of RNase A (Sigma, \#R4642) and NaCl to a final concentration of 155 mM.

Samples were incubated with 100 µg of Proteinase K (Roche, \# 03115836001), after EDTA concentration was adjusted to 5 mM, for 2h at 50°C. DNA was recovered by phenol-chloroform extraction followed by ethanol precipitation in the presence of 20 ng/ml glycogen. DNA concentration was determined by PicoGreen fluorimetric assay (Molecular Probes, Invitrogen; Waltham, MA) and samples were diluted to a final concentration of 0.2 ng/µl. Immunoprecipitated and input samples (0.5 ng each) were analyzed by quantitative real-time PCR (qPCR) using SYBR No-Rox sensimix (Bioline, UK). Quantitative PCR \'cycle over threshold\' (Ct) values from immunoprecipitated samples (RNAPII or control antibody) were subtracted from the input Ct values and the fold enrichment over input was calculated using the equation 2^(input\ Ct\ --\ IP\ Ct)^. Primer sequences are listed in [Table 3](#tbl3){ref-type="table"}.10.7554/eLife.11215.023Table 3.List of PCR primers used in this study. Primer sequences (F, forward; R, reverse) are represented (5´to 3´orientation) for promoter and coding regions of active and inactive genes. Primers designed for the *Polr2a* locus (scheme in [Figure 5---figure supplement 1a](#fig5s1){ref-type="fig"}) cover the promoter region (--1 and --0.5 kb), exons (E1 and E28), intron (I1), exon-intron boundaries (I2/E3 and E19/I19) and downstream of TES (+2 kb TES).**DOI:** [http://dx.doi.org/10.7554/eLife.11215.023](10.7554/eLife.11215.023)GenePrimer sequenceGenePrimer sequenceChIP primers\
β-actin (promoter) F\
GCAGGCCTAGTAACCGAGACAGene expression primers\
β-actin 5´F\
CCACCCGCGAGCACAβ-actin (promoter) RAGTTTTGGCGATGGGTGCTβ-actin 5´RCCGGCGTCCCTGCTTACβ-actin (coding) FTCCTGGCCTCACTGTCCACβ-actin Exon1 FTCTTTGCAGCTCCTTCGTTGβ-actin (coding) RGTCCGCCTAGAAGCACTTGCβ-actin Exon2 RACGATGGAGGGGAATACAGCOct4 (promoter) FGGCTCTCCAGAGGATGGCTGAGOct4 5´FTGAGCCGTCTTTCCACCAOct4 (promoter) RTCGGATGCCCCATCGCAOct4 5´RTGAGCCTGGTCCGATTCCOct4 (coding) FCCTGCAGAAGGAGCTAGAACASox2 5´FAGGGCTGGGAGAAAGAAGAGOct4 (coding) RTGTGGAGAAGCAGCTCCTAAGSox2 5´RATCTGGCGGAGAATAGTTGGMyf5 (promoter) FGGAGATCCGTGCGTTAAGAATCCSerpine1 5´FCCCCGAGAGCTTTGTGAAGMyf5 (promoter) RCGGTAGCAAGACATTAAAGTTCCGTASerpine1 5´RAAGGTGCCTTGTGATTGGCTMyf5 (coding) FGATTGCTTGTCCAGCATTGTDusp1 5´FCGGTGAAGCCAGATTAGGAGMyf5 (coding) RAGTGATCATCGGGAGAGAGTTDusp1 5´RAGGAGCGACAATCCAACAACGata1 (promoter) FAGAGGAGGGAGAAGGTGAGTGCtgf 5´FGACTCAGCCAGATCCACTCCGata1 (promoter) RAGCCACCTTAGTGGTATGACGCtgf 5´RGTGCAGAGGCGACGAGAGGata1 (coding) FTGGATTTTCCTGGTCTAGGGGata1 (coding) RGTAGGCCTCAGCTTCTCTGTAGTAPolr2a (-1 kb) FCCGTAAAGCTATTAGAGCACAGGPolr2a (-1 kb) RATGCATAAGGCAGGCAAGATPolr2a (-0.5 kb) FGTAACCTCTGCCGTTCAGGAPolr2a (-0.5 kb) RTTTCTCCCTTTCCGGAGATTPolr2a (E1) FCAGGCTTTTTGTAGCGAGGTPolr2a (E1) RGACTCAGGACTCCGAACTGCPolr2a (I1) FCAGAGGGCTCTTTGAATTGGPolr2a (I1) RGCATCAGATCCCCTTCATGTPolr2a (I2/E3) FGCCCTCTTCTGGAGTGTCTGPolr2a (I2/E3) RAGGAAGCCCACATGAAACACPolr2a (E19/I19) FCCAAGTTCAACCAAGCCATTPolr2a (E19/I19) RTCTTAACCGCTGAGCCATCTPolr2a (E28) FTCTCCCACTTCTCCTGGCTAPolr2a (E28) RCCGAGGTTGTCTGACCCTAAPolr2a (+2 kb TES) FGAGGGGCAGACACTACCAAAPolr2a (+2 kb TES) RAAAAGGCCAAAGGCAAAGAT

ChIP-seq library preparation and sequencing {#s4-7}
-------------------------------------------

Prior to ChIP-seq library preparation, RNAPII enrichment and distribution were assessed by qPCR analyses using a previously characterized panel of genes ([@bib9]; [@bib44]). ChIP-seq libraries for CTD-K7me1 and K7me2 were prepared from 10 ng of immunoprecipitated DNA (quantified by PicoGreen and Qubit) using the Next ChIP-Seq Library Prep Master Mix Set from Illumina (NEB, \# E6240) following the NEB protocol, with some modifications. The intermediate products from the different steps of the NEB protocol were purified using MiniElute PCR purification kit (Qiagen, \# 28004, Germany). Adaptors, PCR amplification primers and indexing primers were from the Multiplexing Sample Preparation Oligonucleotide Kit (Illumina, \# PE-400--1001; San Diego, CA). Samples were PCR amplified prior to size selection (250--600 bp) on an agarose gel. After purification by QIAquick Gel Extraction kit (Qiagen, \# 28704), libraries were quantified by qPCR using Kapa Library Quantification Universal Kit (KapaBiosystems, \#KK4824; Wilmington, MA). Library size distribution was assessed by Bioanalyzer High Sensitivity DNA analysis Kit (Agilent, \#5067--4626, Santa Clara, CA) before high-throughput sequencing. Libraries were quantified by Qubit and sequenced using Illumina Sequencing Technology (single-end sequencing, 51 nucleotides) at the BIMSB Genomics Platform using an Illumina HiSeq2000, according to the manufacturer's instructions.

Bioinformatics analyses {#s4-8}
-----------------------

In addition to ChIP-seq datasets generated for CTD-K7me1 and K7me2 modifications in mouse ES cells, we also analyzed published ES cell ChIP-seq and GRO-seq datasets ([Table 4](#tbl4){ref-type="table"}). Published RNAPII datasets were: unmodified-S2 (detected with antibody 8WG16), S5p, S7p, S2p, all from Brookes *et al.*, 2012 and RNAPII K7ac from [@bib41]. Published histone modification datasets were: H2Aub1 and H3K36me3 from [@bib9]; and H3K27me3 and H3K4me3 from [@bib35]. CpG content was defined as in [@bib9].10.7554/eLife.11215.024Table 4.Description of ChIP-seq and messenger RNA datasets used in this study. Full description of the ChIP-seq datasets produced or re-analysed in this study. NCBI Gene Expression Omnibus (GEO) Sample reference is indicated for published datasets.**DOI:** [http://dx.doi.org/10.7554/eLife.11215.024](10.7554/eLife.11215.024)ChIP-seq datasetDataset\
originAntibody\
cloneMapped reads\
(millions)ES cell\
lineRPB1-K7me1 (GSM1874007)This studyCMA611\
(this study)64ESC OS25RPB1-K7me2 (GSM1874008)This studyCMA612\
(this study)69ESC OS25RPB1-K7ac (SRR1028808)[@bib41]AcRPB1 ([@bib41])85ESCInput (SRR1028807)[@bib41]-21ESCRPB1-S5p (GSM850467)[@bib9]CTD4H8 (MMS-128P, Covance)22ESC OS25RPB1-S7p (GSM850468)[@bib9]4E12\
([@bib14])11ESC OS25RPB1-S2p (GSM850470)[@bib9]H5 (MMS-129R, Covance)33ESC OS25Unphospho-S2 (8WG16) (GSM850469)[@bib9]8WG16\
(MMS-126R, Covance)24ESC OS25Mock IP (GSM850473)[@bib9]-12ESC OS25H3K4me3 (GSM307618)[@bib35]ab8580\
(Abcam)9ESC V6.5H3K36me3 (GSM850472)[@bib9]13C9 ([@bib40])23ESC OS25H2Aub1 (GSM850471)[@bib9]E6C5\
(Upstate)18ESC OS25H3K27me3 (GSM307619)[@bib35]07--449\
(Upstate)8ESC V6.5**RNA datasetsDataset**\
**originMapped reads (millions)Cell**\
**line**mRNA-seq\
(GSM850476)[@bib9]74ESC OS25GRO-seq\
(GSE48895)[@bib26]25ESC V6.5\
("untreated")[^5]

Sequenced reads were aligned to the mouse genome (assembly mm9, July 2007) using Bowtie2 version 2.0.5 ([@bib31]), with default parameters. Duplicated reads (i.e. identical reads, aligned to the same genomic location) occurring more often than a threshold were removed. The threshold is computed for each dataset as the 95th percentile of the frequency distribution of reads.

Boxplots were produced using R. A pseudo-count of 10^--4^ was added to FPKM values from [@bib9] prior to logarithmic transformation and plotting.

Average ChIP-seq profiles were generated by plotting the average depth of coverage in non-overlapping windows of 10 bp, across 5 kb genomic windows centered on TSS and TES as in ([@bib9]). The read coverage of ChIP-seq heatmaps was calculated using HTSeq ([@bib2]) with 5 bp resolution. The z-score of each gene (row) was plotted using the pheatmap package ([@bib30]) in R.

GRO-seq data from [@bib26] were downloaded as bedgraph files for untreated ES cells and the read coverage for sense and anti-sense transcription was calculated separately for a 1.5 kb window (--500 to +1000 bp of TSS) at a 10 bp resolution. GRO-seq RPKM (reads per kilobase per million of reads mapped) values were estimated using the total number of reads mapped from the TSS to the TES of genes.

For CTD-K7me1, K7me2 and K7ac, positively enriched windows were detected using BCP([@bib50]) run in Histone Mark (HM) mode using as control datasets: (a) the mock ChIP dataset from [@bib9] for CTD-K7me1 and CTD-K7me2, or (b) the input dataset from [@bib41] for CTD-K7ac. Gene promoters were considered positive for K7me1, K7me2 and K7ac when (a) the 2 kb windows centered on the gene promoters coincided with a region enriched for the mark and (b) the amount of reads in the promoter window was above the 10^th^ percentile (10% tail cut; [Figure 5---figure supplement 1b](#fig5s1){ref-type="fig"}). Genes whose (positive) TSS window overlapped other positive windows for the same mark were removed. Positive genes that were inside other positive genes for the same mark were also removed (only 'internal' gene removed). Excluded genes were classified as NA. For other RNAPII modifications or histone marks, we used published classification from ([@bib9]).

For the analyses in [Figure 7](#fig7){ref-type="fig"} and [Figure 7---figure supplement 2a](#fig7s2){ref-type="fig"}, we defined two cohorts of non-overlapping active genes. The larger group (n = 4271) included all genes with non-overlapping promoters (2 kb window around TSS), active, i.e. FPKM \>1 (FPKM values from [@bib9]) and positive for S5p (TSS), S7p (TSS), S2p (2 kb window after TES), as well as negative for the histone marks H3K27me3 and H2AK119ub1. The smaller cohort (n = 1564) had the additional criterion that the maximum peak of RNAPII (8WG16) has to be within a 100 bp window centered at the TSS.

Genes classified as PRCr were positively marked by H3K27me3, H2AK119ub1 and RNAPII-S5p, and negatively marked by 8WG16, all at the 2 kb window centered around the genes TSS, and were devoid of RNAPII-S2p in the 2 kb window downstream of TES. They also do not overlap with other positively marked TSS or TES regions (i.e. different from classification \'NA\' in [@bib9]).

Genes classified as most active (top 15%) or least active (bottom 15%) were defined according to FPKM values from mRNA-seq datasets published in ([@bib9]), and were chosen from the pool of genes negative for Polycomb marks (H2AK119ub1 and H3K27me3; classification from [@bib9]).

Ratios of K7me1/K7ac and K7me2/K7ac {#s4-9}
-----------------------------------

To relate CTD-K7 methylation to acetylation levels, we computed the ratio between the read counts of K7me1/2 and K7ac at promoters (2 kb around TSS), both scaled by 10 million over the total number of non-duplicated mapped reads of the respective dataset. The ratios K7me1/K7ac and K7me2/K7ac are highly correlated (Spearman's correlation coefficient 0.88); for simplicity, only the K7me2/K7ac ratio was used for further in-depth analyses. The ratio of K7me2/K7ac for each active gene was used to define three quantiles (high, medium and low K7me2/K7ac ratio).

Correlations and linear modeling of CTD modifications {#s4-10}
-----------------------------------------------------

To apply linear regression models and perform correlation analyses, the promoter read counts for the different CTD modifications were centered and scaled. The Spearman's correlation coefficients were plotted as a matrix using the \"corrplot\" package in R and partial correlations calculated using the \"pcor\" function of \"ggm\" package. Traditional regression modeling using correlated predictor variables is difficult to interpret and hence we used a stepwise regression approach to better untangle the contributions of different CTD modifications. Typically, for a given number of predictor variables, we report the top five best models. Since CTD-S2p measured at 2 kb window after TES is the best predictor of mRNA amongst all CTD modifications and gene regions, we decided to study models that predict the levels of the S2p (instead of mRNA-seq) to avoid inclusion of another highly correlated variable. Model fitting was performed in R using the packages \"lm\" and \"leaps\". Model ranking was based on both adjusted R^2^ and Mallow's C~p~.

To investigate whether the contribution of CTD modifications to S2p levels at 2 kb window after the TES, which were obtained through correlation and stepwise regression analyses, are due to co-linearity artifacts or over-fitting, we also employed the LASSO regression method implemented in the \"lars\" R package ([@bib18]). We used as predictor variables the promoter levels of 8WG16, S5p, S7p, K7me1, K7me2, K7ac, mock and CpG. A typical LASSO path is shown in [Figure 6---figure supplement 2](#fig6s2){ref-type="fig"}. We used cross-validation \[minimum cross-validated mean standard error + 1 standard error\] to select the optimal position along the path; typical models discard the mock and 8WG16 predictors. As seen in stepwise regression, S7p and K7ac display significant positive coefficients while K7me1 and K7me2 have negative coefficients.

Gene ontology analysis {#s4-11}
----------------------

Gene ontology (GO) enrichment analysis was performed using GO-Elite version 1.2.5 (Gladstone Institutes; <http://genmapp.org/go_elite>). Over-representation analysis of the top and bottom 300 genes for K7me2/K7ac ratio (see above) was performed using as background the n = 1564 active, non-overlapping genes for which the ratio was computed. Default parameters were used as filters: z-score threshold more than 1.96, *P*-value less than 0.05, number of genes changed more than 2. Over-representation analysis was performed with \"permute p-value\" option, 2000 permutations.

Microarray data analysis {#s4-12}
------------------------

Total RNA transcriptomic analyses of 50 nM TSA treatment of mouse ES cells (6 hr) is publicly available and described in [@bib27]. Affimetrix Mouse430 2.0 Array probeset names were converted to Ensembl Gene ID using the \"Mouse430_2.na34.annot.csv\" table obtained from the Affymetrix website. Probesets associated with more than one Ensembl Gene ID were excluded from the analysis; in the few cases where more than one probeset was associated to the same Ensembl Gene ID, one probe set was randomly selected. Merging of the list of TSA differentially expressed genes with the K7me2/K7ac ratio lists was performed using Ensembl Gene ID; genes in High, Medium or Low group were taken from extended cohort (4271 genes; see Bioinformatics analyses above). The significance of the difference between genes in the three ratio groups was tested with a two-tailed Fisher\'s exact test using R.

Gene expression analysis by quantitative RT-PCR {#s4-13}
-----------------------------------------------

RNA was extracted by Trizol (Ambion; Waltham, MA) extraction using Phase Lock Gel tubes (5 PRIME; Gaithersburg, MD). Samples were DNAse I (Turbo DNAse, Ambion) treated according to manufacturer instructions. Total RNA (1 µg) was retrotranscribed using random primers (50 ng) and 200 U of reverse transcriptase (SuperScript II RT, Invitrogen) in a 20 µl reaction. The synthesized complementary DNA was treated with 2 U of RNAse H (NEB), diluted 1:10 and 2.5 µl were used per RT-PCR reaction. Total RNA was measured using primers designed for the 5´end of genes and levels were normalized for *Actb* mRNA measured using primers for the exon1-exon2 junction (for primer sequence see [Table 3](#tbl3){ref-type="table"}).
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Thank you for submitting your work entitled \"Methylation of RNA polymerase II non-consensus Lysine residues marks early transcription in mammalian cells\" for consideration by *eLife*. Your article has been reviewed by two peer reviewers, and the evaluation has been overseen, and independently reviewed, by a Reviewing Editor and Jim Kadonaga as the Senior Editor.

The reviewers have discussed the reviews with one another and the Reviewing editor has drafted this decision to help you prepare a revised submission.

Summary:

This study describes the characterisation of non-consensus CTD heptad repeat K7 residues on the C terminal portion of the RPB1 CTD. These lysine residues were previously shown to be subject to acetylation correlating with TSS associated pausing of EGF inducible genes. This study now shows that these same lysines can also be mono- or dimethylated based on the development of specific antibodies to these CTD modifications as well as the construction of variant CTDs with the 8 K7 reverted to consensus S7. Notably this S7 reverted mutant CTD still gives full cell viability using the α-amanitin resistant replacement construct in NIH-3T3 cells. This argues against a dominant function for the K7 heptads in these cells. Even so K7me1/2 clearly are present on promoters of active genes in ES cells based on ChIP-seq and this association is mainly unaffected by flavopiridol treatment arguing for their role in transcription initiation of many genes. Interestingly the K7acetyl CTD appears to also be involved in transcription elongation while K7me1/2 may be associated with the down-regulation of some genes. They also show that the K7me1/2 antibody isn\'t blocked by adjacent CTD serine phosphorylation, critical to allow the use of this antibody reagent.

Overall, it is the opinion of the editors and reviewers that this study is interesting and appropriate for publication in *eLife*, provided that additional experiments can be conducted to better establish the biological function of the K7 me1/2 marks and especially their interplay with K7 acetyl marks. In particular, we suggest the following experiments to improve your study.

Essential revisions:

1\) To further study the interplay between K7 acetyl and me1/2 marks, a careful analysis of the potential switch in these marks following gene induction should be revealing.

2\) Inhibition of HATs (i.e. K~d~ of P300 or use of chemical HAT inhibitors) to deplete K7Acetyl marks may increase K7 me1/2 and thereby cause gene repression. This should be tested.

3\) Correlating K7me1/2 with low activity genes needs to be tested by looking at nascent RNA as well as steady state RNA. Looking at GR0-seq or chromatin-seq RNA to focus on transcription rather than mRNA levels would be informative.

4\) Some understanding of which factors recognise these CTD K7me1/2 marks is needed. For example IP followed by mass spectrometry could be informative. It could also be tested whether SET1, which is recruited by CTD S5P to methylate histone H3K4 at promoters, also methylates CTD K7me1/2.

We recommend that you extend your analysis as indicated above. You should also be careful not to oversell the importance of K7me1/2 versus the dominant S2P and S5P marks. Use of \"correlate\" rather than \"depend\" might be better unless more definitive data is obtained.

10.7554/eLife.11215.061

Author response

Essential revisions: 1) To further study the interplay between K7 acetyl and me1/2 marks, a careful analysis of the potential switch in these marks following gene induction should be revealing.

We thank the reviewers for encouraging us to further investigate the interplay between K7me and K7ac in the context of gene expression changes. Without knowledge of the enzymatic activities that modulate K7me directly, we consulted published data about inhibitors that could modulate K7me/K7ac ratio, specifically Trichostatin A (TSA), previously shown to up-regulate global levels of K7ac (described in Schroeder et al., 2013).

We took advantage of published microarray data for mouse ES cells treated with the histone deacetylase inhibitor TSA (Karantzali et al., 2008). In light of our suggestion that the K7me2/K7ac relates with the potential for gene expression, we hypothesized that genes with the highest K7me2/K7ac ratios would be most sensitive to the TSA-induced global increase in K7ac, and therefore more likely to be up-regulated upon TSA treatment.

Integrating data from Karantzali et al. (2008) with our ChIP-seq data defining K7me-bound genes, we find that TSA has different effects on genes in the three K7me2/K7ac groups, with genes with a High K7me2/K7ac ratio being more likely to be up-regulated after TSA, in keeping with our hypothesis. This result is consistent with the observed relationship between K7me2/K7ac ratio and the extent of productive transcription at active genes, independently of the amount of RNAPII at gene promoters. We have included these results into the main text and added a new plot in [Figure 7F](#fig7){ref-type="fig"}. The same observation was confirmed by RT-PCR for a small group of genes in our stem cell line using a shorter time of inhibition (3h) to minimize indirect effects (new [Figure 7---figure supplement 3](#fig7s3){ref-type="fig"}).

*2) Inhibition of HATs (i.e. K~d~ of P300 or use of chemical HAT inhibitors) to deplete K7Acetyl marks may increase K7 me1/2 and thereby cause gene repression. This should be tested.*

We thank the reviewers for the suggestion to interfere with P300, an acetyltransferase of CTDK7 residues, to further explore the interplay between CTD-K7 methylation and acetylation. The P300 inhibitor C646 reduces global CTD-K7 acetylation levels (Schroeder et al., 2013).

To examine the effects of the reduction of K7ac, we treated mouse ES cells with C646 (3h, 30 μM). We first confirmed the efficiency of P300 inhibition by analyzing H3K9ac levels, and found that it decreases, as expected (Bowers E.M. et al., 2010 Chem. Biol. 17, 471-482). We then analyzed global levels of CTD-K7 methylation by western blotting, and found a reproducible increase in CTD-K7me2 after inhibition of P300 (ranging between 1.2-2.5 fold across 2 biological and 6 technical replicates). This result combined with the observation that K7ac decreases (Schroeder et al., 2013) points to a dynamic balance between methylation and acetylation at CTD-K7 residues, which supports our interpretation of the genome-wide analyses of CTD marks.

The results of P300 inhibition on total RPB1, K7me2 and S7p were integrated in the manuscript, in [Figure 7G](#fig7){ref-type="fig"} and associated text. We have also tested the effect of C646 on K7me1 in a single biological replicate, and find that K7me1 levels are also increased ([Author response image 1](#fig8){ref-type="fig"}).10.7554/eLife.11215.025Author response image 1.P300 inhibition promotes a small increase in global levels of CTD-K7me2.Mouse ES cells were treated with P300 inhibitor C646 (30 μM, 3h), before western blotting with antibodies specific for total RPB1, K7me1, K7me2 and S7p. Hypo- (IIa) and hyperphosphorylated (II0) RPB1 forms are indicated. Loading control: Lamin B.**DOI:** [http://dx.doi.org/10.7554/eLife.11215.025](10.7554/eLife.11215.025)

To test the effects of P300 inhibition on genes with different K7me/K7ac ratios, we performed RT-PCR on 6 genes with a range of K7me/K7ac ratios; [Author response image 2A](#fig9){ref-type="fig"}). Interestingly, irrespectively of ratio, we observe a decrease in gene expression upon P300 inhibition in 4/6 genes tested. This suggests that irrespective of the K7ac level, its loss often results in gene downregulation ([Author response image 2B](#fig9){ref-type="fig"}). Alternatively, P300 inhibition may have other confounding effects, such as preventing histone acetylation and thereby repressing gene expression irrespectively of the K7me/ac ratio. We would prefer not to include in the manuscript the single gene expression results from C646 treated cells because we feel we cannot fully interpret the effects based on this small number of genes and potential confounding changes of histone acetylation levels.10.7554/eLife.11215.026Author response image 2.Down-regulation of gene expression after P300 inhibition.(**A**) Range of K7me2/K7ac ratios for genes used in expression analysis after C646 treatment. (**B**) Total RNA levels were measured by quantitative RT-PCR after treatment of ES cells with C646 (30 μM, 3h) or vehicle DMSO (control cells). Expression relative to control cells is represented and genes are ordered according to K7me2/K7ac ratio. Total RNA levels were measured using primers for the 5´end of each gene and normalized for *Actb* mRNA levels. Mean and standard deviations from 3 independent TSA treatments are represented.**DOI:** [http://dx.doi.org/10.7554/eLife.11215.026](10.7554/eLife.11215.026)

To further explore the effect of K7ac loss (and K7me gain) on gene expression states, we also investigated how P300 inhibition impacts on S7p levels ([Author response image 1](#fig8){ref-type="fig"} and [Figure 7G](#fig7){ref-type="fig"}). This experiment was inspired by the observations from the partial correlation analyses and stepwise regression that these marks have independent contributions to productive elongation. Interestingly, we observe that S7p levels do not change upon P300 inhibition, reinforcing the view that S7 phosphorylation is independent of K7 acetylation or methylation. This observation is consistent with our suggestion that both K7ac and S7 phosphorylation contribute independently to drive S2p levels, and points to a complex regulatory cascade that integrates K7 modifications with phosphorylation of serine residues. We agree with the reviewers that further studies will be necessary to fully understand the functional roles of K7me2 and K7me1 in gene regulation, and feel that the revised manuscript provides the starting point for in-depth dissection of such mechanisms.

3\) Correlating K7me1/2 with low activity genes needs to be tested by looking at nascent RNA as well as steady state RNA. Looking at GR0-seq or chromatin-seq RNA to focus on transcription rather than mRNA levels would be informative.

We thank the reviewers for prompting us to investigate how the ratio between K7 methylation/acetylation relates with nascent RNA. We have analyzed nascent transcript data obtained from mouse ES cells, using published Global Run-On sequencing (GRO-seq) data from Jonkers et al. (2014). In agreement with the results obtained for mRNA-seq data ([Figure 7A](#fig7){ref-type="fig"}), we find that the K7me2/K7ac ratio is also anti-correlated with the amount of nascent transcription (Spearman's correlation coefficient = -- 0.31, p-value \< 2.2x10-16). These results reinforce the finding that K7 methylation is an early transcription mark and that the balance between K7 modifications helps fine-tune transcription. The GRO-seq levels across K7me/K7ac ratios have been included in an extra panel in [Figure 7C](#fig7){ref-type="fig"}. Additionally, a boxplot summarizing GRO-seq values for the different K7 ratio quantiles and heatmaps of GRO-seq signal have been added to [Figure 7---figure supplement 1](#fig7s1){ref-type="fig"} and [Figure 7---figure supplement 2](#fig7s2){ref-type="fig"}.

*4) Some understanding of which factors recognise these CTD K7me1/2 marks is needed. For example IP followed by mass spectrometry could be informative.*

We agree with the reviewers that identifying readers of CTD K7me1/2 marks is a most pressing task, which we have tried in various ways. As alluded in the Discussion of the first version of the manuscript, we attempted to identify potential readers of K7 methylation, by performing mass spectrometry after immunoprecipitation of YFP-tagged wild-type (8K) RPB1 versus 0K mutant. However, this approach did not yield reproducible protein identifications in biological replicates, probably due to the fact that K7 methylation might be associated with a very small pool of RNAPII complexes found at the earliest stages of transcription. The staining of only small and discrete dots by IF ([Figure 4C](#fig4){ref-type="fig"}) supports the notion that only a fraction of RNAPII complexes might be heavily marked by K7 methylation. Moreover, in such a global RNAPII pull-down, any differences in protein recruitment due to a specific CTD modification may be extensively diluted by all the proteins that bind to RNAPII abundant Serine modifications, irrespective of K7 modification.

In response to the reviewers' requests we attempted a peptide pull-down approach, where we designed a two-step peptide pull-down strategy to identify possible factors that recognise CTDK7me2, but not unmodified K7 peptides. Total protein extracts from mouse ES cells were first incubated with bead-immobilized peptides comprising unmodified non-canonical CTD sequence (3 heptapeptide repeats Y~1~-S~2~-P~3~-T~4~-S~5~-P~6~-K~7~). We hypothesized that this step should clear up mouse ES cell extracts from proteins that bind to non-canonical CTD sequence in the absence of K7 modifications. After this pre-clearing step, we performed pull-downs using beads carrying dimethylated K7 peptides (3 heptapeptide repeats Y~1~-S~2~-P~3~-T~4~-S~5~-P~6~-K7me2). Proteins obtained after the first and second pull-downs (two biological replicates each) were analyzed by LS-MS/MS.

Among proteins that were specifically enriched on beads carrying unmodified K7 peptide, we found many proteins involved in early stages of transcription initiation (e.g., transcription factors Sox2 and Utf1, transcription initiation factor TFIID) or RNA processing (e. g., Serine/arginine-rich splicing factors Srsf1, Srsf5, Srsf7, Srsf 9; heterogeneous nuclear ribonucleoprotein A/B, subunits of H/ACA ribonucleoprotein complex, etc.). The second pull-down step with dimethylated K7 peptide did not reveal specific protein enrichment over mock background in two biological replicates. These results raise the possibility that CTDK7 methylation may act to prevent protein-protein interactions that occur in the earliest stages of transcription initiation (between transcription factors and RNAPII), which have to be disabled to allow CTD modifications that are compatible with productive elongation. Alternatively, it is possible that K7me1 and K7me2 act in concert with other CTD modifications, e.g. with S5p. In this light, more complex peptide pull-downs will be necessary where K7me2 presence/absence is combined with presence of S5p, S7p or other CTD modifications, to help understand what is the contribution of K7me2 to the ability of adjacent modifications to regulate co-transcriptional recruitment of machinery.

We believe that more complex and unbiased screens for CTDK7 binders will be necessary to identify factors that can recognize CTDK7me marks.

It could also be tested whether SET1, which is recruited by CTD S5P to methylate histone H3K4 at promoters, also methylates CTD K7me1/2.

To test the potential role of SET1 complexes as CTD-K7 methylases, we performed western blots for K7me1 and total RPB1 on protein extracts from control mouse ES cells and conditional knockout ES cells for Setd1a and Setd1b (extracts kindly provided by Francis Stewart; Biotechnology Center, Technische Universitaet Dresden; [Author response image 3A](#fig10){ref-type="fig"}). We do not observe consistent reduction in the levels of CTD- K7me1 in Setd1a-knockout cells and we observe only a minor depletion (15% max) in Setd1b-knockout cells ([Author response image 3B](#fig10){ref-type="fig"}). Normalization of CTD-K7me1 levels relative to total RPB1 was performed to correct for minor global changes in total RPB1 following SET knock out. Taken together, our results show that it is unlikely that SETD1A or SETD1B, individually, have major roles in K7 methylation.

We also tested conditional knockout cells for H3K4 methyltransferases Mll1 and Mll2 (extracts kindly provided by Francis Stewart; data not shown). We find that Mll1 or Mll2 knockout is accompanied by a large global increase in total RPB1 levels, making it difficult to assess the effect on CTD methylation. These results argue for an intricate interplay between histone and RNAPII modifications.

Mammalian cells have twelve H3K4 methyltransferases with redundant activity, and so it is possible that knockout of multiple enzymes may be needed to detect significant global changes in CTD-K7 methylation. Depletion of H3K4me3 levels may also have global effects on transcription that could influence the levels of CTD-K7 methylation independently of the direct effect of the methyltransferases. Alternative biochemical approaches such as CTD-K7 peptide pull down screens for methylases and/or isolation of CTD-K7 methylation activity from nuclear extracts might be needed for the identification of CTD-K7 methyltransferases. As these analyses are not conclusive at identifying K7me writers or readers we have not included these additional results in the manuscript.10.7554/eLife.11215.027Author response image 3.Screen of CTD-K7 methylase activity in conditional KO mouse ES cells for H3K4 methyltransferases.(**A**) Western blotting was performed using protein extracts from mouse ES cells with conditional knockout for H3K4 methylase Setd1a or Setd1b for total RPB1 and K7me1 in 2 biological replicates. Hypo- (IIa) and hyper-phosphorylated (II0) RPB1 forms are indicated. α-tubulin was used as loading control. (**B**) Signal intensities for total RPB1 and K7me1 (control and KO samples) were normalized to the corresponding α-tubulin signal to correct for variability in loading. Levels of K7me1 were normalized to the total amount of RPB1 and intensity relative to control cells is represented for the 2 replicates.**DOI:** [http://dx.doi.org/10.7554/eLife.11215.027](10.7554/eLife.11215.027)
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